Improving nitrogen use and yield with stay-green phenotypes in wheat. PhD thesis, University of Nottingham by Derkx, A. P.
Derkx, Adinda Pieterdina (2013) Improving nitrogen use 
and yield with stay-green phenotypes in wheat. PhD 
thesis, University of Nottingham. 
Access from the University of Nottingham repository: 
http://eprints.nottingham.ac.uk/13025/1/Thesis_ADerkx.pdf
Copyright and reuse: 
The Nottingham ePrints service makes this work by researchers of the University of 
Nottingham available open access under the following conditions.
This article is made available under the University of Nottingham End User licence and may 
be reused according to the conditions of the licence.  For more details see: 
http://eprints.nottingham.ac.uk/end_user_agreement.pdf
For more information, please contact eprints@nottingham.ac.uk
 
 
 
 
 
 
 
 
IMPROVING NITROGEN USE AND YIELD  
WITH STAY-GREEN PHENOTYPES IN WHEAT 
 
 
 
ADINDA PIETERDINA DERKX, BSC MSC 
 
 
 
 
 
 
 
 
 
 
 
Thesis submitted to the University of Nottingham  
for the degree of Doctor of Philosophy 
 
JULY 2013  
   ABSTRACT 
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ABSTRACT 
 
 
Wheat grain yield is strongly related to nitrogen (N) fertiliser input, a major 
cost factor and potential environmental pollutant. Much of the grain N 
requirement is met by N remobilisation from the canopy. Unfortunately, a 
consequence is canopy senescence and decreased photosynthetic capacity, 
reducing carbon available for grain-filling. One approach to achieve both 
higher N use efficiency and grain yield would be to extend the duration of 
photosynthesis using delayed leaf senescence “stay-green” phenotypes.  
 
Three stay-green and two fast-senescing EMS mutants of wheat (cv. Paragon) 
were characterised. A fast-senescing line, a stay-green line and the wild-type 
were grown to characterise the interaction between senescence and N 
availability. Stay-green line SG3 was able to allocate similar proportions of N 
to the grain under N-limiting and N-sufficient conditions. The accelerated 
senescence of line FS2 reduced grain yield and N allocation to the grain. 
 
Candidate regulatory genes of leaf senescence genes were characterised by 
correlating their expression with leaf senescence by screening wheat 
genotypes with varied senescence characteristics in the field. Among the 
genes were members of the WRKY and NAC transcription factor families that 
have been related to senescence. Overexpression of the NAC gene resulted in 
a stay-green phenotype and increased grain N concentrations, but had no 
effects on shoot biomass or grain yield. Expression of a WRKY-RNAi construct 
did not reduce WRKY mRNA levels, but led to accelerated leaf senescence and 
increases in plant height, the number of fertile tillers and grain yield. 
 
These results show that the relationships between senescence, nitrogen 
remobilisation and grain yield are complex and not easily manipulated. The 
phenotypes and genes identified could contribute to wheat improvement. 
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1. INTRODUCTION 
 
 
1.1 GENERAL INTRODUCTION 
 
1.1.1 Wheat Production 
Despite a doubling of the world population in the past half-century, the 
proportion of hungry people has actually fallen due to a substantial growth in 
food production (Godfray et al., 2010). Global production of the main grain 
crops such as wheat has increased nearly threefold since 1960 (FAO, 2010). 
Global wheat production was primarily raised by increasing the yield per area; 
the area on which wheat was grown only increased marginally (Figure 1.1).  
 
 
 
 
 
 
Figure 1.1: Global wheat production (a), area of wheat harvested (b), and 
average wheat yield (c) between 1961 and 2009. Data from FAO (2010). 
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It will be challenging to continue raising crop productivity to keep track with 
the growing population, and even more so to do this in a sustainable manner. 
In addition, the increasing demand for energy coupled with climate change is 
putting greater pressure on agriculture since one of the solutions is seen to be 
biofuel production. Biofuels ideally should not compete with food production 
and not result in the clearance of uncultivated lands (Tilman et al., 2009). 
Feedstock sources out of which sustainable biofuels can be obtained include 
industrial waste products, crops specifically grown for their biomass on land 
unsuitable for agriculture and straw residues of crops such as wheat (Tilman 
et al., 2009). 
 
Since land available for agriculture is limited, the biggest rise in crop 
production will have to come from increasing yield per unit area. Crop yields 
are determined by local conditions such as soils and the climate, farming 
practises such as fertiliser use and pest management, and genetic properties 
of the crop itself.  
 
Bread wheat (Triticum aestivum L.) is a hexaploid species, thus containing 
three complete genomes (termed A, B and D genomes). Two diploid grasses 
crossed to give rise to tetraploid wheat, which in farmer’s fields later crossed 
to the diploid goat grass (Triticum tauschii) to produce hexaploid wheat 
(Hoisington et al., 1999). Because of its hexaploid nature, genes governing 
traits are difficult to identify in wheat, which makes breeding a time-
consuming process. However, several traits have been successfully 
incorporated into wheat (Hoisington et al., 1999). The most well-known one is 
the dwarfing trait that makes wheat less vulnerable for lodging and improves 
its nutrient uptake and tillering capacity, allowing for higher N fertiliser 
applications. Breeding wheat with semi-dwarfing (Rht) genes led to a great 
increase in yield since the 1960s (Figure 1.1.c), which is now called the “Green 
Revolution”. Wheat productivity has been raised further by increasing genetic 
yield potential, resistance to diseases, and adaptation to abiotic stresses, as 
well as by improved agronomic practices (Reynolds et al., 2009). 
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1.1.2 Nitrogen Fertiliser 
One of the issues facing agriculture for both food and biofuels production is 
the dependency on nitrogen fertiliser, which is a major cost factor and a 
potential environmental pollutant (Good, Shrawat and Muench, 2004; Figure 
1.2). Nitrogen (N) damages the environment by leaching, which leads to 
eutrophication and ecosystem damage (Carpenter et al., 1998), and by 
emissions of gaseous forms of nitrogen such as nitrous oxide (N2O), which is a 
greenhouse gas 296 times more potent than carbon dioxide (Crutzen et al., 
2008). Nitrous oxide can be produced in soils by bacteria from nitrate (NO3
−) 
and ammonium (NH4
+) in fertiliser through denitrification under anaerobic 
conditions (NO3
− → NO2
− → NO + N2O → N2) and nitrification under aerobic 
conditions (oxidation of NH4
+ to NO3
−), and in tiny amounts by chemical 
processes in the soil (Bremner, 1997). The production of nitrous oxides in 
agricultural soils is estimated to be 4.3 - 5.8 Tg per year, which is between 3% 
and 5% of the anthropogenic nitrogen input by the Haber-Bosch process and 
fossil fuel production (Crutzen et al., 2008). 
 
 
 
Figure 1.2: Nitrogen movements in and out of agricultural soils. Mechanisms 
of nitrogen input (purple) into agricultural soils can be both natural and 
anthropogenic. Nitrogen can be used for biomass production by the crop 
(green) or become unavailable for agriculture and move into the environment 
(blue). Adapted from Good et al. (2004). 
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Modern cereals require large amounts of fertilisers to reach maximum yield 
and protein content. Nitrogen use efficiency (NUE = grain dry mass per unit 
nitrogen available (from soil supply plus N fertiliser)) of modern cereals is not 
optimal, partly because they were selected in breeding programmes under 
non-limiting fertilisation conditions (Kichey et al., 2007). It is estimated that 
annually $1.1 billion could be saved by increasing NUE by just one per cent 
(Kant, Bi and Rothstein, 2011). Optimising carbon assimilation and minimising 
nitrogen inputs would therefore be highly beneficial, especially for the 
production of bioenergy crops for which a relatively high carbon content is 
required.  
 
One approach to achieve this optimisation would be to prolong the duration 
of active carbon fixation during grain-filling. Extending the duration of 
photosynthesis is the easiest way to increase total photosynthesis, biomass 
and grain yield (Richards, 2000). A longer post-anthesis photosynthetic period 
could be achieved by bringing forward the anthesis date, but this would 
increase the chance of frost damage to the ear (Fuller et al., 2007). Therefore 
delaying the process of leaf senescence during grain-filling is probably the 
most promising option.  
 
During leaf senescence chlorophyll and other macromolecules such as 
proteins, lipids and nucleic acids are broken down and the nutrients, most 
notably nitrogen, are remobilised to the developing grain. Unfortunately this 
results in a reduced photosynthetic capacity and consequently a decrease in 
the assimilation of carbon. Theoretically, a delay in leaf senescence would 
increase the amount of fixed carbon available for grain-filling whilst utilising 
the same amount of nitrogen. A better understanding of the relationship 
between nitrogen remobilisation and senescence is required so that both NUE 
and grain yield can be improved by manipulating leaf senescence. 
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1.2 NITROGEN REMOBILISATION AND SENESCENCE 
 
During senescence nutrients present in vegetative organs are recycled to the 
grain to meet its demand for resources such as nitrogen (Gregersen, Holm 
and Krupinska, 2008). Illustrating the importance of this remobilisation, the 
proportion of nitrogen in wheat grain originating from remobilisation of pre-
anthesis stored nitrogen is estimated to be over 70% (Kichey et al., 2007), and 
the amount of N contributed by the flag leaf was found to be about 18% in 
Canadian Red Spring wheat (Wang et al., 2008). N remobilization from leaves 
in winter wheat is estimated to be about 75% (Pask et al., 2012). 
 
The amount of N taken up by the plant before anthesis mainly determines 
how much N will be remobilised at maturity (Bancal, 2009), and this N uptake 
is the main genetic factor determining nitrogen remobilisation in wheat 
(Barbottin et al., 2005). Generally, the amount of nitrogen remobilised to the 
grain is considered to be determined by the amount of N available in the 
canopy (source), not by the grain (sink) demand (Martre et al., 2003). 
However, another study suggested wheat grain-filling is not source-limited 
under optimal conditions (Borrás, Slafer and Otegui, 2004), and N 
remobilisation was halted when the developing ears were removed (Srivalli 
and Khanna-Chopra, 2004), indicating the presence of a sink organ is 
required. Furthermore, N availability may affect the size of the grain sink 
indirectly by influencing the size of the source canopy (Hirel et al., 2007). 
 
Delayed onset of senescence in wheat also has been associated with 
maintaining post-anthesis N uptake (Bogard et al., 2011; Mi et al., 2000). If N 
remobilisation for grain-filling is sink-determined, delayed senescence and 
maintenance of N uptake would mean remobilisation would have to 
contribute less nitrogen for grain-filling, whilst under source-determination 
the result might be a higher grain N content. 
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There is still the possibility that grain-filling is source-limited under abiotic 
stress conditions such as nitrogen limitation. NUE appears to be a stable trait 
in Arabidopsis thaliana since relative NUE is the same under low and high N 
supply (Chardon et al., 2010). Yet a field study in wheat showed that at low N 
conditions onset of senescence was positively correlated with nitrogen 
utilisation efficiency (grain dry mass per unit of N taken up by the plant) and 
grain yield (Gaju et al., 2011).  
 
It has been shown that plant nitrogen status has a major impact on the onset 
and progression of leaf senescence. In both barley (Hordeum vulgare) and 
Arabidopsis, nitrogen deprivation resulted in accelerated leaf senescence, and 
when additional nitrate was supplied at the start of senescence, the 
senescence-specific decrease of photosystem II (PSII) efficiency was halted 
and the decrease in chlorophyll content even reversed (Schildhauer, 
Wiedemuth and Humbeck, 2008). In sorghum (Sorghum bicolor), plant N 
status has been found to be an important determinant of genotypic 
differences in the rate of leaf senescence (van Oosterom et al., 2010). The 
Arabidopsis nla (nitrogen limitation adaptation) mutant displayed an early 
senescence phenotype under low nitrogen conditions, which was reversible 
by nitrogen application (Peng et al., 2007). The nla mutants could acquire 
nitrogen normally, but were impaired in adaptive responses such as nitrogen 
limitation-mediated senescence: senescence occurred very fast, N was less 
remobilised from senescing leaves, starch and soluble sugars accumulated 
less and anthocyanins did not accumulate at all. NLA is a RING-type ubiquitin 
E3 ligase, so it is probably involved in protein degradation, but of which 
proteins is not known.  
 
Delayed senescence is also linked with higher grain yields, especially under 
nitrogen limitation. For instance, mutants in the senescence-associated gene 
See2 of maize (Zea mays) stayed green longer and had a slight extension in 
photosynthetic activity, but the most dramatic effect was that unlike wild-
type plants the mutant plants could maintain their cob weight under low N 
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conditions (Donnison et al., 2007). Tropical maize senesced immediately after 
flowering and therefore had lower biomass and grain yield than later 
senescing temperate maize (Osaki, 1995). However, it had a very high NUE at 
low N conditions since most N was rapidly remobilised from the leaves. 
 
A few genes are known that regulate nitrogen use in plants. The early-nodulin 
gene ENOD93-1 of rice (Oryza sativa) was identified as a nitrogen-responsive 
gene (Bi et al., 2009). ENOD93-1 expression reacted to both N induction and N 
reduction. Overexpression resulted in 10-20% more spikes and spikelets, a 
higher grain yield under both limiting and high N conditions, and under N 
limiting conditions the shoot biomass was also higher. The transgenic plants 
had higher concentrations of amino acids in their xylem sap, especially under 
N stress, suggesting that the gene might have role in transporting amino acids 
from the roots to the shoot. 
 
Two cases in which genetic modification was specifically used to improve 
nitrogen use were the maize Dof1 transcription factor and barley alanine 
aminotransferase (AlaAT). Dof1 activates multiple organic acid metabolism 
genes. Expressing maize ZmDof1 in Arabidopsis induced carbon metabolism 
genes and increased amino acid concentrations and total nitrogen content 
(Yanagisawa et al., 2004). Furthermore, under low-nitrogen conditions Dof1 
plants had higher fresh weights and protein and chlorophyll contents. In rice 
overexpression of ZmDof1 resulted in an induction of carbon metabolism 
genes and an increased carbon flow towards nitrogen assimilation, and 
increased root biomass and net photosynthesis rate under N deficient 
conditions (Kurai et al., 2011). Overexpression of the barley AlaAT gene under 
a root-specific promoter in rice and Brassica resulted in a higher biomass and 
grain yield (Good et al., 2007; Shrawat et al., 2008), in Brassica specifically 
under low-nitrogen conditions. It has been suggested amino acids such as 
alanine can act as a signal for whole-plant N status, so AlaAT overexpression 
may trick the plant into sensing low N status and it response might be to take 
up more nitrate (Good et al., 2007). 
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1.3 STAY-GREEN PHENOTYPES 
 
1.3.1 Definition of Stay-Green 
Stay-green phenotypes are a potential route to achieving a prolonged carbon 
fixation potential during grain-filling. Thomas and Howarth (2000) described 
five types of stay-green phenotypes:  
 Type A: late initiation of senescence, but a normal senescence rate.  
 Type B: normal initiation of senescence, but a slower rate of 
senescence.  
 Type C: lesion in chlorophyll degradation, leaving the rest of the 
senescence process unaffected. The most well-known example of this 
is Mendel’s I locus in pea (Pisum sativa) (Armstead et al., 2007).  
 Type D: rapid death (freeze, boil, dry) ensures maintenance of leaf 
colour in dead leaf.  
 Type E: enhanced greenness but unchanged initiation and rate of 
senescence. As a result the overall process of senescence will take 
longer to complete.  
 
Types A, B, and possibly E are functionally stay-green: they maintain 
photosynthetic capacity in their green tissues. Therefore they may be a 
potential means to improve grain yield. For instance, for Lolium temulentum it 
was calculated that if the start of senescence in a leaf is delayed by two days, 
theoretically the leaf could contribute 11% more carbon to the plant over the 
lifetime of the leaf (Thomas and Howarth, 2000). Hence it is not surprising 
that stay-green mutants and varieties are a target for crop improvement for a 
number of agriculturally important species.  
 
1.3.2 Stay-Green Phenotypes of Crops 
Non-functional stay-green lines have been developed for crops for which 
colour is an important quality attribute, such as alfalfa (Medicago sativa) 
(Zhou et al., 2011a), soybean (Glycine max) (Kang et al., 2010), and tomato 
(Solanum lycopersicum) and pepper (Capsicum annuum) (Barry et al., 2008). 
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Functional stay-green phenotypes have been identified in many crop species. 
In sunflower (Helianthus annuus) stay-green was associated with higher post-
anthesis biomass increase and leaf area index but not seed yield (de la Vega 
et al., 2011). In oil-seed rape (Brassica napus) delayed leaf senescence was 
positively correlated with NUE under low N supply (Erley et al., 2007). In 
soybean two mutations caused the maintenance of the photosynthetic 
machinery, but seed yield and stomatal conductance were lower and the 
plants were more susceptible to water stress (Luquez and Guiamét, 2001; 
Luquez and Guiamét, 2002). 
 
Stay-green phenotypes have been described most extensively in 
monocotyledonous species. In rice a functional stay-green mutant has been 
described which had a number of positive effects on grain yield, especially for 
seed setting rate (Fu and Lee, 2008; Yoo et al., 2007). In sorghum a functional 
stay-green phenotype was found to be directly associated with grain yield 
(Borrell and Hammer, 2000). In addition, a relationship with nitrogen was 
found: at anthesis the stay-green phenotypes had more nitrogen per leaf area 
and they maintained this until maturity, extracting the majority of the 
nitrogen required for grain-filling from the soil (Borrell and Hammer, 2000) 
and stem (van Oosterom et al., 2010). In the biomass crop Miscanthus stay-
green phenotypes were identified that might be useful for improving water 
use efficiency (Clifton-Brown et al., 2002). 
 
Several studies in maize compared new stay-green hybrids with older non-
stay-green hybrids to explain the new hybrids’ better performance. Echarte, 
Rothstein and Tollenaar (2008) showed that a stay-green variety maintained 
photosynthesis for longer under both low and high N availability, accumulated 
more dry matter, took up more nitrogen, and had a higher grain yield, thus 
effectively showing a functional stay-green phenotype. Another study found 
that under nitrogen deficiency, newer (stay-green) varieties maintained 
photosynthesis for longer, which was associated with greater biomass and 
higher grain yield (Ding et al., 2005). In contrast, Martin et al. (2005) found 
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that a stay-green variety accumulated more biomass and took up more 
nitrogen, but its grain yield was not higher and its grain nitrogen 
concentration was lower as well. In another Canadian field study, increased 
leaf longevity was associated with a larger source-to-sink ratio, greater grain 
yield (Rajcan and Tollenaar, 1999a) and higher grain nitrogen, which was due 
to increased N uptake (Rajcan and Tollenaar, 1999b). In contrast, in another 
study both grain nitrogen concentration and nitrogen uptake did not differ at 
all (Subedi and Ma, 2005).  
 
In durum wheat (Triticum turgidum ssp. durum) four ethyl methanesulfonate 
(EMS) mutants have been described which under glasshouse conditions 
remained green for longer, continued photosynthesizing, and had higher grain 
yields and seed weights (Spano et al., 2003). The stay-green characteristic was 
further validated by studying the expression of marker genes for senescence 
like the small subunit of Rubisco (RBCS) and the chlorophyll a/b binding 
protein (CAB), providing further evidence that the photosynthesis machinery 
was still intact (Rampino et al., 2006). Grain N content was lower in some of 
the mutants though (Spano et al., 2003), again suggesting that the 
maintenance of nitrogen in the photosynthetic machinery might be limiting to 
nitrogen remobilisation to the grain. 
 
Similarly, for hexaploid wheat stay-green phenotypes have been identified 
that improved grain yields. In China wheat lines with a wheat-rye 
chromosome translocation were developed which showed a functional stay-
green phenotype combined with increased grain yield and total biomass of up 
to 25% when grown in the field (Chen et al., 2010; Luo et al., 2006). A study 
on Canadian Red Spring wheat found that grain yield was positively correlated 
with green flag leaf duration, total flag leaf photosynthesis and even grain N 
yield (Wang et al., 2008). Another variety also combined the maintenance of 
green leaf area with higher grain yield (Christopher et al., 2008), but whether 
the plants retained their photosynthetic capacity was not investigated.  
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However, the stay-green trait in wheat can also have negative effects. In a 
stay-green hybrid of winter wheat, chlorophyll content, photosynthesis, grain 
yield, final biomass and grain-filling rate were all higher, but the harvest index 
was lower, indicating that the hybrid was relatively inefficient in carbon 
remobilisation and that the extra photosynthesis products did not end up in 
the grain (Gong et al., 2005). Another line had a higher grain yield, probably 
caused by a higher biomass accumulation and a better harvest index, but the 
nitrogen concentration in straw remained higher, suggesting that more 
nitrogen is required to maintain a normal grain protein concentration (Chen 
et al., 2011a).  
 
Studies on Red Spring wheat in the United States found that the effect of 
stay-green can depend on the environmental conditions. Blake et al. (2007) 
studied two sets of recombinant inbred lines (RILs). One population showed a 
positive correlation between the stay-green trait and grain yield, grain 
volume, and grain weight in both dry and wet conditions, while the other set 
only showed positive effects of stay-green on grain volume, grain weight and 
grain protein under drought. Another set of stay-green RILs of spring wheat 
had a lower grain yield under cool and well-watered conditions, but were able 
to maintain grain yield in a hot and dry environment (Naruoka et al., 2012). 
This seemed to be because even though the stay-green RILs always had a 
lower number of seeds per spike, their seed weight was higher under hot and 
dry conditions, neutralising the grain yield loss caused by the lower seed 
number.  
 
Thus so far the studies on stay-green phenotypes in cereals show a mixed 
picture. In general a stay-green phenotype seems to increase carbon fixation 
and nitrogen uptake, but does not always have positive effects on the 
translocation of carbon and nitrogen to the grain.  
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1.4 THE SENESCENCE PROCESS 
 
1.4.1 Chloroplast Degradation 
The photosynthetic machinery is the main source of nitrogen remobilised out 
of senescing wheat leaves (Gregersen et al., 2008). Studies of cosmetic type C 
stay-green mutants (see Section 1.3) were crucial for the identification of 
genes and enzymes involved in the breakdown of both chlorophyll and other 
chloroplast proteins. Cell death mutants were found to be mutated in 
chlorophyll degradation enzymes; some of the intermediates in chlorophyll 
breakdown are toxic.  
 
A summary of the chloroplast degradation pathways is shown in Figure 1.3. 
The degradation of chlorophyll (Chl) starts inside the intact senescing 
chloroplast, also called gerontoplast. First chlorophyll a is transformed into 
phein a through the removal of Mg2+ by Mg dechetalase (MCS). Phein a is 
then converted to pheide a by a pheophytinase (PPH). Pheophorbide a 
oxygenase (PAO) then converts pheide a to a red chlorophyll catabolite, 
which is reduced by red chlorophyll catabolite reductase (RCCR) to primary 
fluorescent chlorophyll catabolite pFCC, which is the first colourless catabolite 
of the pathway. pFCC is exported out of the gerontoplast, after which most 
FCCs are converted to non-fluorescent chlorophyll catabolites (NCCs). Only 
chlorophyll a can be broken down in this pathway; therefore chlorophyll b 
first has to be converted to chlorophyll a by a chlorophyll b reductase (Sato et 
al., 2009).  
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Figure 1.3: The degradation of the chloroplast. Pathways for the degradation 
of chlorophyll (Roman numbers) and proteins (Arabic numbers) of both the 
thylakoid (t) and stroma (s) are involved. Figure adapted from Hörtensteiner 
and Feller (2002). 
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A stay-green line grew slower under normal conditions but not under 
conditions where N cycling is normally low, indicating that chlorophyll is more 
than just a component of photosynthesis, but is also required for protein 
metabolism and nitrogen nutrition of the whole plant (Hauck et al., 1997). 
Even though the breakdown products of chlorophyll itself are not remobilised 
during senescence, NCCs usually are the end product of chlorophyll 
breakdown, chlorophyll degradation to colourless catabolites is probably 
necessary to prevent cell death since unbound chlorophyll results in the 
production of damaging reactive oxygen species (Hörtensteiner and Kräutler, 
2011). As chlorophyll is detoxified the released chlorophyll-binding proteins, 
which form 20% of N in mesophyll cells, can be degraded to exportable N-
forms such as amino acids. One of the genes that has been suggested to be 
involved in the destabilisation of chlorophyll and light-harvesting complex II 
(LHCII) proteins is the STAY-GREEN (SGR) gene (Barry, 2009), which has been 
identified in many species and is Mendel’s I locus in pea. In Arabidopsis SGR 
binds to both LHCII and all five chlorophyll catabolic enzymes, so it appears 
that SGR directs chlorophyll degrading enzymes to the LHCII-bound 
chlorophyll (Sakuraba et al., 2012). 
 
Approximately 80% of total leaf N is located in the chloroplasts, in C3 species 
mostly in the form of ribulose-1,5-biphosphate carboxylase / oxygenase 
(Rubisco), while thylakoid membrane proteins such as photosynthesis 
reaction centres and antenna system account for the rest (Gregersen et al., 
2008). Under sufficient N supply the amount of Rubisco can be more than 
halved before photosynthesis is affected (Quick et al., 1991) and 
photosynthesis in barley declines faster than Rubisco content (Humbeck, 
Quast and Krupinska, 1996), suggesting that Rubisco is not the factor limiting 
photosynthesis in senescing leaves. A more likely factor is the breakdown of 
less stable stromal proteins such as glutamine synthetase (GS), since this is an 
early event in senescence (Hörtensteiner and Feller, 2002). 
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Nearly all protease families appear to be involved in leaf senescence (Roberts 
et al., 2012). Several different proteases have been implicated in Rubisco 
degradation. In wheat flag leaves the expression of two subtilin-like proteases 
correlated with the degradation of the Rubisco small and large subunits 
(Roberts et al., 2011), inhibition of cysteine proteases in wheat resulted in 
reduced Rubisco breakdown (Thoenen, Herrmann and Feller, 2007) and the 
aspartic protease CND41 has been implicated in senescence in several species 
including Arabidopsis (Diaz et al., 2008), although the evidence relating it to 
Rubisco has been conflicting (Roberts et al., 2012).  
 
Degradation of stromal proteins such as Rubisco and plastid GS also seems to 
take place (at least partially) in senescence-associated vacuoles (or Rubisco 
vescular bodies) (Martinez et al., 2008; Prins et al., 2008). One of these 
cysteine proteases is the senescence-associated gene SAG12 (Otegui et al., 
2005), which is often used as a marker gene of senescence.  
 
The autophagy and vesicle-trafficking system have been shown to be involved 
in Rubisco (Ishida et al., 2008) and chloroplast (Wada et al., 2009) breakdown. 
Plants impaired in autophagy are impaired in nitrogen remobilisation to the 
seeds (Guiboileau et al., 2012). 
 
The 26S proteasome has also been implicated in senescence (Lin and Wu, 
2004; Yoshida et al., 2002a). Substrates have not been identified though and 
therefore it is not known whether the proteasome is just involved in the 
breakdown of regulatory proteins (a role suggested by Woo et al. (2001)) or 
has actually a role in mass protein breakdown for N remobilisation.  
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1.4.2 Nitrogen Trans-Location 
Nitrogen mainly gets exported from leaves via the phloem in the form of 
amino acids. Glutamate is the main amino acid in phloem of barley and 
wheat, but glutamine and asparagine increase in late senescence (Gregersen 
et al., 2008). Since asparagine is synthesized out of glutamine, GS appears to 
be of major importance during nitrogen remobilisation; and then especially 
the cytosolic form GS1 since the chloroplast GS2 gets degraded during 
senescence (Gregersen et al., 2008). Expression of the two GS forms follows 
this pattern (Gregersen and Holm, 2007) and GS activity was found to be a 
good marker for nitrogen remobilisation (Kichey et al., 2007). However, 
expression patterns of different GS and other metabolic enzymes showed the 
process is complex and that many enzymes are involved (Gregersen and 
Holm, 2007; Masclaux-Daubresse, Reisdorf-Cren and Orsel, 2008). One of 
these enzymes is pyruvate orthophosphate dikinase (PPDK), which is 
expressed in senescing leaves and involved in the production of glutamine, 
and of which overexpression enhanced nitrogen remobilisation (Taylor et al., 
2010). 
 
For amino acids (or small peptides) to reach the growing seeds they have to 
be loaded onto the phloem. Several amino acid and small peptide 
transporters have been shown to be expressed in senescing leaves of 
Arabidopsis (Buchanan-Wollaston et al., 2005; Van der Graaff et al., 2006). Ay 
et al. (2008) recently claimed senic4 of barley is the first identified amino acid 
transporter linked to leaf senescence in a monocotyledonous species. In 
addition, transporters are likely to be responsible for loading amino acids and 
/ or small peptides from the phloem into the developing seeds (Masclaux-
Daubresse et al., 2008). 
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1.5 GENETIC AND HORMONAL REGULATION OF LEAF SENESCENCE 
 
1.5.1 General Overview 
An alternative way to achieve a stay-green phenotype would be 
overexpression or knockout of genes regulating leaf senescence. A 
prerequisite for this is that key genes regulating the senescence process are 
identified. Many environmental factors as well as internal plant signals are 
thought to play a role in leaf senescence (Figure 1.4). Large-scale 
transcriptional studies in Arabidopsis (Breeze et al., 2011; Buchanan-
Wollaston et al., 2005; Guo, Cai and Gan, 2004; Lin and Wu, 2004; Van der 
Graaff et al., 2006), barley (Ay et al., 2008), aspen (Populus tremula) 
(Andersson et al., 2004), rice (Liu et al., 2008), and wheat (Gregersen and 
Holm, 2007) have resulted in a long list of genes that are differentially 
expressed during developmental or dark-induced leaf senescence. When 
specifically focusing on transcription factors in Arabidopsis, Balazadeh, Riaño-
Pachón and Mueller-Roeber (2008) found 185 differentially expressed 
transcription factors out of 1880 genes studied. For only a small number of 
such genes a role in senescence has been unequivocally demonstrated. 
However, many studies show that natural leaf senescence and senescence 
induced by abiotic stress or pathogens share many, but not all, of the signals 
and regulatory genes (Guo and Gan, 2012; Lim, Kim and Nam, 2007). The 
finding that many pathogen-defence genes are induced during leaf 
senescence under sterile conditions (Quirino et al., 2000) confirms this view. 
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Figure 1.4: A model for the regulation of leaf senescence. Both internal 
signals, such as hormones and reproductive status, and environmental signals 
are thought to be integrated into the developmental age-dependent 
senescence pathway. With senescence different sets of senescence-
associated genes responsible for the senescence process are activated, 
eventually resulting in cell death. Figure from Lim et al. (2007). 
 
 
1.5.2 NAC Transcription Factors 
The transcription factor family with relatively the most differentially 
expressed genes during leaf senescence is the NAC family (Guo et al., 2004). 
117 putative NAC or NAC-like genes have been identified in Arabidopsis and 
151 in rice (Nuruzzaman et al., 2010). Most NAC genes are transcriptional 
activators, although some have a transcriptional repressor domain as well 
(Hao et al., 2010). They may be involved in many processes such as embryo 
and shoot meristem development, lateral root formation, auxin signalling, 
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and defence and abiotic stress responses (Nuruzzaman et al., 2012; Olsen et 
al., 2005).  
 
Various members of the NAC family have been implicated to have a positive 
regulatory role in leaf senescence in Arabidopsis. A transcriptome study 
showed that three NAC genes were up-regulated during senescence of leaves, 
siliques and petals (Wagstaff et al., 2009). In T-DNA knockout mutants of 
AtNAP leaf senescence was significantly delayed, while overexpression of the 
gene caused precocious senescence (Guo and Gan, 2006). NTL9 is a 
membrane-bound NAC protein that was initially linked to osmotic stress 
responses but was also found to show increased expression during leaf 
senescence, especially in the actual senescing parts of the leaf (Yoon et al., 
2008). Overexpression of the NAC transcription factor VNI2 resulted in 
delayed natural leaf senescence, while leaf ageing was accelerated in the vni2 
mutant (Yang et al., 2011). The same result was found for the H2O2-responsive 
NAC transcription factor ORS1 (Balazadeh et al., 2011). NTL4 mediates 
drought-induced senescence by promoting the production of reactive oxygen 
species (Lee et al., 2012). NAC2/ORE1 also showed an increase in expression 
during senescence, while mutant plants displayed delayed loss of chlorophyll 
and photochemical efficiency (FV/FM), increased CAB and decreased SAG12 
expression, and a slower increase in membrane ion leakage (Kim et al., 2009). 
NAC2 was age-dependently up-regulated by the ethylene-insensitive 
senescence-gene EIN2 but negatively regulated by the microRNA miR164 (Kim 
et al., 2009), showing that NAC2 itself is regulated within a regulatory 
pathway controlling senescence. NAC2 also controls other regulatory genes, 
as was shown when microarray analysis revealed that it is an upstream 
regulator of other NAC transcription factors in controlling leaf senescence 
(Balazadeh et al., 2010). 
 
In the monocotyledonous species rice, bamboo (Bambusa emeiensis), barley 
and wheat NAC genes have also been shown to have a role in senescence. In 
rice expression of the ABA-dependent NAC gene OsNAC5 gradually increased 
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during senescence and was higher in lines with high concentrations of seed 
protein, zinc and iron (Sperotto et al., 2009). Expression of the NAP-like 
transcription factor BeNAC1 in bamboo was induced by natural senescence 
and dark-treatment (Chen et al., 2011b). Overexpression of BeNAC1 in 
Arabidopsis resulted in senescence before flowering, and expression of 
BeNAC1 in the nap mutant rescued its delayed-senescence phenotype. The 
wheat Gpc-B1 locus, explained by the NAM-B1 gene, is present in wild emmer 
wheat (Triticum turgidum ssp. dicoccoides) but not in modern durum and 
bread wheat, and is responsible for accelerated leaf senescence and 
increased nutrient remobilisation to the developing grain, resulting in higher 
grain protein, zinc and iron concentrations (Uauy, Brevis and Dubcovsky, 
2006a; Uauy et al., 2006b). Flag leaves of plants containing the allele 
contained higher levels of amino acids (especially serine, alanine and 
threonine) at anthesis and these levels dropped to normal during grain-filling, 
possibly explaining the differences in nitrogen remobilisation and grain 
protein content, especially since nitrogen uptake did not differ (Kade et al., 
2005). RNAi-mediated silencing of the four NAM homolog genes found in 
hexaploid wheat (TaNAM-A1, D1, B2, and D2) resulted in a delay in leaf 
senescence of 24 days, a delay in peduncle senescence of more than 30 days, 
and a reduction in grain protein content of more than 30% (Uauy et al., 
2006b). Vegetative N decreased in wild-type, suggesting remobilisation, but 
increased in the NAM knockdown line (Waters et al., 2009a), again suggesting 
that remobilisation is the mechanism affected. Curiously, in barley containing 
the homologue locus the senescence and grain protein content phenotype 
was similar, but expression of the closest homologue to the wheat NAM-B1 
gene, HvNAM1, was not affected (Jukanti et al., 2008). Furthermore, 
expression of the closest rice homologue did not change during senescence 
(Sperotto et al., 2009). 
 
Only recently a NAC gene has been described that negatively regulates 
senescence. Overexpression of the H202-responsive NAC transcription factor 
JUB1 in Arabidopsis resulted in delayed senescence and bolting, and also 
1. INTRODUCTION 
 
21 
 
resulted in enhanced abiotic stress tolerance (Wu et al., 2012). Apart from 
this example, only a wheat gene showing strong homology with rice NAC2 
was identified in a transcriptome study comparing GPC-RNAi with wild-type 
wheat during senescence (Cantu et al., 2011), but its function has not been 
determined. 
 
1.5.3 WRKY Transcription Factors 
A second family of transcription factors with many members differentially 
expressed during senescence is the WRKY family, which has 74 members in 
Arabidopsis and 104 in rice (Berri et al., 2009). WRKY gene function is 
conserved between monocotyledonous and dicotyledonous species; 
expression patterns of related Arabidopsis and barley genes were often 
similar (Mangelsen et al., 2008) and a wheat and an Arabidopsis WRKY gene 
were able to bind to each other’s target promoters and drive gene 
transcription (Proietti et al., 2011). 
 
The most investigated senescence-associated WRKY gene is WRKY53 in 
Arabidopsis, which has been shown to be expressed at a very early stage of 
senescence, when photochemical efficiency (FV/FM) starts to decline but 
before senescence is visible (Hinderhofer and Zentgraf, 2001). The expression 
of the senescence marker genes CAB and SAG12 (Noh and Amasino, 1999) 
indicated an early stage of senescence as well: when WRKY53 was expressed 
CAB expression was already decreasing but SAG12 was not expressed yet 
(Hinderhofer and Zentgraf, 2001). Furthermore, overexpression of WRKY53 
resulted in premature flowering and senescence, while a knock-out line was 
retarded in flowering and senescence (Miao et al., 2004). Although WRKY53 is 
seen as a key regulator of leaf senescence, the gene itself is under complex 
regulation as well. A mitogen-activated protein kinase kinase kinase (MEKK1), 
an activation domain protein, the GATA4 transcription factor, histone 
methylation, ubiquitin-mediated degradation by the proteasome, H2O2, the 
protein ESR/ESP, and the hormones jasmonic acid (JA), salicylic acid (SA) and 
abscisic acid (ABA) are all know to have a role in regulating WRKY53 
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expression (Ay et al., 2009; Miao and Zentgraf, 2007; Miao and Zentgraf, 
2010; Raab et al., 2009; Zentgraf, Laun and Miao, 2010). 
 
Another Arabidopsis gene, WRKY70, was expressed during leaf senescence 
and wrky70 loss-of-function mutants show markedly earlier senescence, 
indicating that this gene functions as a negative regulator of senescence 
(Ülker, Mukhtar and Somssich, 2007). WRKY70 is at least partially functionally 
redundant with WRKY54, since the wrky70/wrky54 double mutant showed a 
stronger premature senescence phenotype than the wrky70 mutant (Besseau, 
Li and Palva, 2012). WRKY6 was also shown to be strongly up-regulated during 
the progression of leaf senescence, although wrky6 null mutants did not 
display a mutant phenotype (Robatzek and Somssich, 2001). The expression 
patterns of these three WRKY genes showed a relation with at least one of 
the phytohormones SA, JA, and ethylene as well as with pathogen infection 
(Miao and Zentgraf, 2007; Robatzek and Somssich, 2001; Ülker et al., 2007), 
suggesting that WRKY genes might function in mediating hormone responses 
in both senescence and pathogen defence. WRKY22 is another positive 
regulator of senescence (Zhou, Jiang and Yu, 2011b). It was induced by H2O2 
and darkness, also in the normal light-dark cycle. The wrky22 mutant showed 
delayed senescence in darkness, while overexpression resulted in accelerated 
senescence during dark-treatment. This study also provided evidence that 
WRKY genes do not act by themselves but interact with other WRKY genes. 
WRKY22 overexpression resulted in higher expression of WRKY6 while 
WRKY53 expression was increased in darkness and WRKY70 expression 
decreased in light. In both the wrky6 and wrky70 mutants WRKY22 expression 
was reduced. Yeast-two-hybrid studies also showed direct interactions 
between WRKY30, WRKY53, WRKY54 and WRKY70 (Besseau et al., 2012). That 
WRKY transcription factors are often part of networks is further illustrated by 
the discovery that 70% of the Arabidopsis WRKY genes analysed were co-
regulated with other WRKY genes under biotic and/or abiotic stress (Berri et 
al., 2009). 
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Several senescence-related WRKY genes were identified in 
monocotyledonous species, primarily rice. Rice WRKY23 was only expressed 
in roots and senescing leaves, and p35S-OsWRKY23 Arabidopsis plants 
senesced faster after darkness-treatment than wild-type plants (Jing et al., 
2009). OsWRKY80 (or OsWRKY13) was up-regulated by iron-excess, drought-
stress and dark-induced senescence, and this increase was accelerated by 
ABA (Ricachenevsky et al., 2010). Yet since the up-regulation of WRKY80 is 
relatively late, it could be an effect of senescence (possibly of Fe release 
during chloroplast breakdown) rather than a cause. In wheat four isolated 
WRKY clones were up-regulated in senescing leaves (Wu et al., 2008a), but no 
functional study was performed. 
 
1.5.4 Signalling Factors 
Other than NAC and WRKY genes a wide range of other examples of genes 
regulating leaf senescence are known. Among these genes are transcription 
factors of the MYB (Zhang et al., 2011) and AP2/ERF (Xu, Wang and Chen, 
2010) families, as well as signalling genes. A mutation in the Arabidopsis 
mitogen-activated kinase kinase MKK9 gene resulted in delayed senescence, 
while overexpression had the opposite effect (Zhou et al., 2009). MKK9 has 
been shown to play a part in ethylene-signalling, so it is possible that its 
function in leaf senescence is ethylene-related as well. The senescence-
induced receptor-kinase SIRK is a target of WRKY6 and solely expressed 
during leaf senescence (Robatzek and Somssich, 2002), and the SARK 
receptor-kinase of bean showed up-regulation during senescence (Hajouj, 
Michelis and Gepstein, 2000). A screen in barley for senescence-associated 
genes resulted in the isolation of a lectin receptor-kinase (Ay et al., 2008). 
 
The G-box binding protein GBF1 regulates senescence by reducing catalase 
expression (Smykowski, Zimmermann and Zentgraf, 2010). The reduction in 
catalase activity resulted in higher levels of H2O2, which acts as a senescence 
signal. gbf1 mutants displayed a lack of the H2O2 signal and a delay in leaf 
senescence. Comparison of gene expression between mutant and wild-type 
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showed that GBF1 directly negatively regulates RBCS1a while expression of 
WRKY53, which is normally expressed before visible senescence, is not 
induced. So GBF1 clearly has an early regulatory function in senescence. The 
role of H2O2 in senescence was confirmed by the delayed-senescence 
phenotype of GMPase-overexpressing tomato plants (Lin et al., 2011). These 
plants have a higher level of L-ascorbic acid (vitamin C) that protects them 
against oxidative stress caused by reactive oxygen species (ROS) such as H2O2. 
Furthermore, senescence was also delayed when the release of reactive 
oxygen species was halted by knockout of the chloroplast NdhF gene (Zapata 
et al., 2005). Interestingly, in wheat the removal of all the spikelets delayed 
and reduced the release of O2
- and H2O2 respectively while N remobilisation 
was halted (Srivalli and Khanna-Chopra, 2004), indicating a role for the seed 
sink in initiating N remobilisation through ROS signalling. 
 
Several studies indicate that hexose sugars act as a senescence-signal. Sugars 
in combination with low N cause senescence-like symptoms in Arabidopsis 
(Wingler, Marès and Pourtau, 2004). In sunflower the hexose/sucrose ratio 
increases at the start of senescence, even more so in low N (Agüera, Cabello 
and de la Haba, 2010), hexose-sugars accumulate in senescing Arabidopsis 
leaves (Pourtau et al., 2006), and a stay-green banana (Musa acuminate) has 
been shown to accumulate sugars (Yang et al., 2009). The hyypersenescence1 
(hys1) mutant of Arabidopsis showed early developmental leaf senescence 
and hypersensitivity to sugars (Yoshida et al., 2002b). Gene expression 
analysis of hys1 showed a hexokinase sugar-signalling pathway was affected. 
Senescence in the Arabidopsis gin2-1 mutant (sugar sensor hexokinase1) was 
delayed is because of decreased sugar accumulation and decreased sugar 
sensitivity (Pourtau et al., 2006). However, gin2-1 also flowered late, which is 
consistent with the suggestion sugars might act as a developmental switch 
regulating ageing (Lim et al., 2007). 
 
In contrast to the signalling factors described above, nitric oxide (NO) is a 
senescence-inhibiting signal. In Arabidopsis, NO-deficient mutants and plants 
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expressing a NO-degrading enzyme showed premature senescence (Mishina, 
Lamb and Zeier, 2007; Niu and Guo, 2012). In turn, NO-signalling is reliant on 
EIN2 and Ca2+-signalling (Ma et al., 2010; Niu and Guo, 2012). 
 
1.5.5 Co-Regulation of Flowering and Senescence 
Since monocarpic senescence results in remobilisation of nutrients to the 
seed, and it even seems to be a major function of this process, an obvious 
assumption would be that the regulation of flowering and senescence are 
linked. This is definitely true for tropical maize, of which senescence always 
starts directly after flowering, no matter the nitrogen status, indicating that in 
tropical maize senescence is probably exclusively regulated by developmental 
age (Osaki, 1995). Even though flowering is not required to initiate 
senescence in Arabidopsis (Hensel et al., 1993) and there is evidence for 
flowering-independent senescence pathways (Wingler et al., 2010), in several 
species senescence-associated mutants also show changes in flowering time 
(for example Donnison et al., 2007; Lacerenza, Parrott and Fischer, 2010; 
Miao et al., 2004; Wu et al., 2008b), supporting the existence of genetic links 
between the regulation of flowering and senescence. In Arabidopsis two 
quantitative trait loci (QTL) for senescence co-localise with the flowering 
genes FLC and FRI, and expression of other flowering genes was correlated 
with senescence (Wingler et al., 2010), showing coupling of reproduction to 
whole-plant senescence. This is not unique for Arabidopsis; also in wheat 
anthesis date and the total duration of leaf senescence are negatively 
correlated (Bogard et al., 2011).  
 
1.5.6 Hormonal Regulation 
Apart from the aforementioned WRKY53 and MKK9, many other genes 
indicate the role of phytohormones in senescence regulation. ORE9 in 
Arabidopsis and its rice ortholog DWARF3 are F-box proteins (Woo et al., 
2001; Yan et al., 2007), and their mutants show increased leaf longevity. Since 
the function of F-box proteins is to target specific proteins for degradation by 
the 26S proteasome, it is likely that ORE9 and DWARF3 are responsible for 
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degradation of a key negative regulator of leaf senescence. Since ore9-1 
mutants showed a delay in the response to MeJA, ethylene, and ABA 
modulated senescence, ORE9 might function in a pathway common to 
senescence induced by these three hormones (downstream of their 
signalling) as well as age-dependent senescence (Woo et al., 2001).  
 
A mutation in the ABA-dependent receptor kinase RPK1 resulted in delayed 
senescence while overexpression resulted in early senescence, showing that 
the gene is a positive regulator of senescence (Lee et al., 2011). Only ABA-
dependent senescence was affected, dark-induced senescence for instance 
was not, indicating that the gene is ABA specific and also that ABA has a role 
in the regulation of senescence. The effect of ABA on senescence is age-
dependent: ABA makes leaves that have started to senesce do so faster but 
cannot induce senescence in immature plants (Lee et al., 2011; Weaver et al., 
1998). However, in cucumber (Cucumis sativus) ABA seemed to promote 
biosynthesis and inhibit degradation of chlorophyll under low N conditions 
(Oka et al., 2012), indicating that under some conditions ABA can also inhibit 
senescence. 
 
Most JA-biosynthesis genes are up-regulated during developmental but not 
dark-induced senescence, suggesting developmental stimuli activate their 
expression (Van der Graaff et al., 2006). The rice CCCH-type transcription 
factor OsDOS is a JA-related negative regulator of leaf senescence, which is 
confirmed by its expression pattern in natural leaf senescence as well as the 
phenotypes of RNAi and overexpression transgenic lines that show 
accelerates and delayed leaf senescence respectively (Kong et al., 2006). 
Similarly, Rubisco activase was found to be a JA-dependent negative regulator 
of senescence in Arabidopsis (Shan et al., 2011). Mutants in the histone 
deacetylase gene HDA6, which is needed for expression of JA-response genes, 
displayed a delayed senescence phenotype (Wu et al., 2008b), further 
confirming a role of JA in senescence.   
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SA-deficient mutants and RNAi lines lose chlorophyll at a normal rate but 
maintain PSII functionality for longer (Abreu and Munné-Bosch, 2009), thus 
being able to maintain photosynthesis. Interestingly, the genes induced by SA 
and senescence appear to be specific for natural senescence and are not 
regulated in dark-induced senescence (Buchanan-Wollaston et al., 2005; Van 
der Graaff et al., 2006).  
 
The delayed senescence phenotype of the auxin response factor 2 mutant 
(arf2) indicates a possible role for auxin in leaf senescence (Ellis et al., 2005). 
A mutant of the E3 ubiquitin ligase SAUL1 showed premature senescence 
under low light conditions. Under senescence-inducing conditions (low light) 
saul1 had increased levels of ABA, indicating ABA biosynthesis was switched 
on (Raab et al., 2009). This was due to higher expression of the ABA 
biosynthesis gene AAO3, indicating that SAUL1 normally prevents premature 
low-light-induced senescence by lowering ABA levels through targeting AAO3 
for degradation. Overexpression of another auxin biosynthesis gene, YUCCA6, 
resulted in delayed natural and dark-induced senescence and a prolonged 
lifespan in general (Kim et al., 2011). Overexpression of a mutated YUCCA6 
that is not able to reduce auxin did not result in delayed (dark-induced) leaf 
senescence, indicating that auxin mediates its phenotype. 
 
Many ethylene-biosynthesis genes are synchronically up-regulated during 
senescence (Van der Graaff et al., 2006). Even though ethylene is neither 
necessary nor sufficient for the occurrence of leaf senescence, the onset of 
leaf death (old) mutants show early senescence, most of them especially after 
ethylene treatment (Jing et al., 2002). The MKK9-MPK3/MPK6 signalling 
cascade has been shown to have a role in ethylene signalling, so it is possible 
it mediates ethylene-regulated leaf senescence (Zhou et al., 2009).  
 
Mutations in specific cytokinin (CK) receptors, especially AHK3, caused a 
reduction in the leaf chlorophyll content, indicating CK mediates chlorophyll 
retention (Riefler et al., 2006). CK prevents senescence of pre-senescent 
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leaves, but it is not very effective in halting senescence after initiation 
(Weaver et al., 1998). Modification of CK levels by manipulating gene 
expression has been applied to delay leaf senescence. By expressing the 
Agrobacterium CK biosynthesis gene IPT under control of the senescence-
specific SAG12 promoter, tobacco plants were produced that were delayed in 
leaf senescence (Gan and Amasino, 1995). However, N was preferentially 
allocated to the old leaves, possibly even driving young leaves into early 
senescence when N was limiting (Jordi et al., 2000). In wheat, pSAG12-IPT 
expression delayed chlorophyll breakdown but did not lead to the desired 
higher grain yields, probably because translocation of nutrients from leaves to 
the grain was delayed (Sýkorová et al., 2008). When IPT was expressed under 
the control of the SARK-promoter in tobacco, increasing CKs in all leaves so N 
remobilisation would not be affected, there was no effect on the phenotype 
under normal conditions, but under drought stress leaf senescence was 
prevented and grain yields were dramatically increased (Rivero et al., 2007). 
 
That many potential regulatory genes of senescence respond to several 
hormone treatments indicates that hormones influence each other, so genes 
responding to different hormones and influencing others could be involved in 
the integration of hormone signals. For example, the senescence-associated 
receptor-like kinase SARK is dependent on both ethylene and auxin signalling 
pathways while it seems to reduce cytokinin function (Xu et al., 2011).  
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1.6 PROJECT OUTLINE 
 
1.6.1 Central Hypothesis 
The maintenance of a photosynthetically active canopy in the post-anthesis 
period will positively influence grain yield, and control of its senescence will 
produce a product rich in carbon with optimum efficiency of nitrogen input. 
 
1.6.2 Aims of the Project 
1. To identify genes correlating with leaf senescence in wheat by 
screening genotypes with varied senescence characteristics. 
a. To compare senescence phenotypes of wheat genotypes grown 
under different nitrogen regimes in the field. 
b. To assess effects of differential senescence on grain yield, harvest 
index and grain nitrogen concentration and content. 
c. To examine patterns of expression of candidate regulatory genes 
of leaf senescence leaf samples from these field experiments. 
 
2. To identify wheat genotypes with fast-senescing and delayed leaf 
senescence “stay-green” phenotypes and study the effects of nitrogen 
nutrition on their phenotypes.  
a. To identify stay-green and fast-senescing mutant lines of wheat. 
b. To assess senescence, yield characteristics and biomass and 
nitrogen distribution of these differential senescing lines. 
c. To assess the effects of nitrogen supply on the senescence 
phenotypes by studying the performance of fast-senescing and 
stay-green wheat lines. 
d. To assess patterns of expression of candidate regulatory genes of 
leaf senescence. 
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3. To study the function of a NAC transcription factor in leaf senescence 
of wheat. 
a. To establish the possible identity of the NAC gene by analysing its 
sequence and phylogeny. 
b. To determine in which plant tissues the NAC gene is expressed. 
c. To analyse the effects of overexpression of the NAC gene on 
morphology, development, senescence, biomass, grain yield and 
grain nitrogen content of wheat. 
 
4.  To study the function of a WRKY transcription factor in leaf 
senescence of wheat. 
a. To establish the possible identity of the WRKY gene by analysing 
its sequence and phylogeny. 
b. To analyse the effects of RNAi knockdown of the WRKY gene on 
morphology, development, senescence and grain yield of wheat. 
c. To determine in which plant tissues the WRKY gene is expressed. 
 
These aims were addressed through three experimental approaches, as 
outlined below. 
 
1.6.3 Experimental Approaches 
 
1. Gene expression studies of field-grown wheat 
As a screening for genes correlating with leaf senescence, the expression of 
candidate genes was quantified in time courses of leaf tissues of the wheat 
cultivar Hereward, which was grown at standard and low nitrogen fertilisation 
regimes and therefore differed in their rates of senescence. A second set of 
field materials consisted of two doubled haploid lines of an Avalon x Cadenza 
mapping population differing in their rate of senescence grown at low and 
high nitrogen fertilisation in two consecutive seasons. Candidate gene 
expression was quantified in these materials to further corroborate the found 
expression patterns of selected genes. 
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2. Stay-green mutants 
In a field trial at the John Innes Centre (JIC) a number of mutant wheat lines 
(cv. Paragon) had been identified that were visually stay-green. These were 
grown in the glasshouse to confirm their stay-green phenotypes and to test 
their photosynthetic capacity to find out which of these lines have functional 
stay-green phenotypes. A small number of lines was selected and grown in 
the glasshouse to characterise further. Stay-green and fast-senescing lines 
were identified. A fast-senescing, a stay-green and a wild-type line were then 
grown under high and low nitrogen nutrition to assess the interaction 
between different senescence phenotypes and nitrogen nutrition. 
 
3. Transgenics 
Transgenic plants with modified expression levels of two genes identified in 
the gene expression studies were created with the aim to delay leaf 
senescence. A NAC gene which expression normally declines during 
senescence was overexpressed, while the expression of a WRKY gene of 
which the expression normally increases during senescence was reduced 
using RNAi. 
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2. MATERIALS AND METHODS 
 
 
2.1 EXPERIMENTAL DESIGNS 
 
2.1.1 Field Experiments (Chapter 3) 
 
2.1.1.1 Hereward Field Experiment 
Six varieties of wheat (Triticum aestivum L.), including cultivar Hereward, 
were grown in the Stackyard field at Rothamsted Research (Harpenden, UK) in 
2006/7 at two nitrogen fertilisation regimes (50 kg N ha-1 and 200 kg N ha-1) in 
a randomised block design with four replicate blocks. Between anthesis and 
seven weeks post-anthesis four replicate leaf 2 samples were sampled weekly 
(by Dr Jonathan Howarth, Rothamsted Research) and stored at -80ᵒC to allow 
subsequent RNA extraction and semi-quantitative RT-PCR analysis (Sections 
2.2.1 – 2.2.3). At the same time the relative chlorophyll content (SPAD) was 
determined (Section 2.3.1) to follow the progress of leaf senescence. 
Measurements were performed on the second leaf because it senesces earlier 
and at a slower rate than the flag leaf (Wittenbach, 1979) and is therefore 
more likely to show differences in senescence. 
 
2.1.1.2 Avalon x Cadenza Doubled Haploid Lines Field Experiment  
The Diversity Trial 2008/9, which was part of the Defra-funded Wheat Genetic 
Improvement Network (WGIN) project, consisted of eighteen commercial 
varieties and six doubled haploid Avalon x Cadenza mapping population lines 
of winter wheat, which had been selected for high and low values of certain 
traits. The Avalon x Cadenza come from a doubled haploid population 
developed from F1 progeny of a cross between cultivars Avalon and Cadenza 
at the JIC as part of the WGIN project. Two of the double haploid lines with 
high and low rate of early export of nitrogen from the leaf, AC127 and AC82, 
were chosen for measurements since it was hypothesised the differences in 
nitrogen export should equate to differences in leaf senescence. The 
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experiment was grown at the Summerdells I and II fields at Rothamsted 
Research (Harpenden, UK) on four nitrogen levels (0, 100, 200 and 350 kg N 
ha-1) in three completely randomised replicate blocks. The plots were split in a 
3.0 m x 3.5 m section for any measurements during the growing season, 
including destructive sampling, and a 3.0 m x 10.0 m section for yield 
measurements at final harvest. SPAD measurements (Section 2.3.1) were 
taken at anthesis, 21 days post-anthesis (dpa) and 35 dpa. All field plots were 
screened for senescence by monitoring canopy reflectance (NDVI) with a Crop 
Canopy Sensor (Section 2.3.4) on a weekly basis. For gene expression analyses 
(Sections 2.2.1 – 2.2.3) and nitrogen analysis (Section 2.2.6) weekly leaf 2 
samples were taken of the selected lines, starting at anthesis. 
 
The Diversity Trial 2009/10 contained nineteen commercial varieties and six 
Avalon x Cadenza mapping population lines. The field experiment was grown 
at the Black Horse and Bylands fields at Rothamsted Research (Harpenden, 
UK). The lines were fully randomised in three replicate blocks with the four 
nitrogen levels (0, 100, 200, 350 kg N ha-1) arranged in sub-blocks within 
them. All field plots were scanned weekly with a crop canopy sensor (Section 
2.3.4) to follow the process of senescence. For gene expression analyses 
(Sections 2.2.1 – 2.2.3) and nitrogen analysis (Section 2.2.6) weekly leaf 2 
samples (starting at anthesis) were taken of the six mapping population lines 
and stored at -80ᵒC. The relative chlorophyll content of the six doubled 
haploid lines was determined weekly from anthesis with a SPAD meter 
(Section 2.3.1) until the SPAD values had reached zero. Of lines AC127 and 
AC82 grown at 100, 200 and 350 kg N ha-1 the maximum efficiency of 
photosystem II (quantum yield; Section 2.3.3) was determined weekly from 
anthesis until it had reached zero. 
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2.1.2 Stay-Green Mutants (Chapter 4) 
 
2.1.2.1 Screening of Mutant Collection 
A collection of 54 ethyl methanesulfonate (EMS) mutant lines of spring wheat 
(Triticum aestivum L. cv. Paragon) and two replicates of Paragon wild-type 
(seed supplied by Dr Simon Griffiths, JIC) were grown in the glasshouse (18ᵒC 
day / 14ᵒC night temperature with a minimum photoperiod of 16 hours as 
controlled by supplementary lighting when natural light levels came below 
200 µmol m-2 s-1) in a temporal staggered randomised block design consisting 
of four blocks and five plants per pot (Ø 20 cm, 4 l). Plants were grown in 
“Rothamsted Prescription Mix” compost: 75% medium grade peat, 12% 
screened sterilised loam, 3% medium grade vermiculite, 10% grit (5mm 
screened, lime free), 3.5 kg m-3 Osmocote Exact, 0.5 kg m-3 PG mix, lime to pH 
5.5-6.0, and 200 ml m-3 Vitax Ultrawet wetting agent. The total N supply was 
approximately 2.5 g N per pot. The plants were kept well watered. The 
relative chlorophyll content (Section 2.3.1) and photosynthetic rate (Section 
2.3.2) of flag leaves were measured at two fixed moments that were roughly 
at anthesis (totally green leaves) and six weeks after anthesis (senescing 
leaves). Measurements were done on the flag leaf because it is the biggest 
leaf, at least for cultivar Paragon, and at the top of the canopy, so it should 
contribute most carbon and nitrogen for grain-filling. Saroj Parmar and Silvia 
Celletti (Rothamsted Research) assisted with the measurements. Relative 
levels of SPAD and photosynthesis at the second time point were calculated: 
           
             
      . 
 
2.1.2.2 Characterisation of Selected Lines 
Seven lines were selected for more detailed analysis: three stay-green lines, 
three fast-senescing lines and a wild-type line (Table 2.1). They were grown in 
the glasshouse in a randomised complete block design (Figure 2.1) with four 
replicate blocks and five plants per pot (Ø 20 cm, 4 l) (seed supplied by Dr 
Simon Griffiths, JIC) at the same growing conditions as the mutant screening 
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(see above). Each block contained seven pots per line: six for the different 
time points and one for dissection at maturity. An eighth pot of each line was 
located at the end of the block for dissection at anthesis: the end location 
prevented the existence of gaps in the “field” during the experiment.  
 
The anthesis date was determined separately per pot. Anthesis was defined 
as “three or more plants (main shoots) per pot had visible anthers” (GS61; 
Zadoks, Chang and Konzak, 1974). Each pot had already been allocated 
randomly to a certain time point before the start of the experiment, and 
chlorophyll fluorescence (Section 2.3.3) and SPAD (Section 2.3.1) 
measurements were performed at anthesis, 14 days post-anthesis (dpa), 21 
dpa, 28 dpa, 35 dpa or 42 dpa, or when the ears (three or more) of the main 
shoots had reached maturity. All senescence measurements were performed 
on the flag leaves of main shoots (see Section 2.3 for details) and averaged 
per pot. Line 1439 (A) was not measured because in this experiment its 
anthesis date was about four weeks later than that of the other lines and was 
therefore incomparable. 
 
The total number of tillers (including the main shoots) was determined per 
pot (five plants). At maturity the ears of all tillers were harvested per pot to 
determine the grain yield. Thousand grain weights (Section 2.2.7) were 
determined on three replicate samples of the pooled grain per line, since 
there was not enough seed per pot. Total straw mass was determined to 
calculate the Harvest Index (HI) according to the formula: 
                            ⁄ .  
 
To determine dry matter distribution at anthesis and maturity, the five main 
shoots per pot were pooled and partitioned into flag leaf lamina, leaf lamina 
of the other leaves, leaf sheaths, stem, and ear fractions and the dry weights 
were determined after drying 1-2 days at 80ᵒC. The fractions were milled and 
nitrogen concentration and contents determined (Section 2.2.6).  
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Table 2.1: Selected mutant lines used for further studies. 
Line Code Name Supposed phenotype 
1439m5 A - Fast-senescing 
862a B FS1 Fast-senescing 
2514a C FS2 Fast-senescing 
2056a D SG1 Stay-green 
1389a E SG2 Stay-green 
555a F SG3 Stay-green 
Paragon wild-type G WT Wild-type (intermediate) 
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Figure 2.1: Experimental design for characterization of selected mutant 
lines. A randomised block design with 4 blocks (I-IV) containing a complete 7 
by 6 factorial treatment set for 7 genotypes by 6 time points for leaf measures 
on plants, and 1 pot of each genotype at anthesis and harvest for whole plant 
destructive measurements. Codes: A-G = lines (Table 2.1), a = anthesis, h = 
harvest, and 1-6 = the leaf sampling time points. 
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2.1.2.3 Nitrogen Nutrition Experiment 
For the nitrogen nutrition experiment one fast-senescing line (FS2), one stay-
green line (SG3) and a wild-type line (WT) were grown at two nitrogen levels; 
the low N treatment containing 10% nitrogen of the high N treatment. The six 
genotype x nitrogen combinations were grown in the glasshouse at the same 
temperature and lighting conditions as the previous two experiments in a 
randomised complete block design (Figure 2.2) with four blocks (replicates) 
and five plants per pot (Ø 20 cm; 4 l). Each block contained five pots per 
genotype x nitrogen combination to allow for destructive sampling at five 
time points, and each pot had already been allocated randomly to a certain 
time point before the start of the experiment 
 
Plants were grown in the nutrient poor soil “Rothamsted Nematode mix” 
(80% sterilised loam, 15% 2EW sand, 5% grit (5mm)). Nitrogen was applied in 
the form of nutrient solution (Table 2.2). 0.5 l of solution was applied twelve 
times between planting and anthesis, amounting to a total of 67.2 and 672 
mg N for low and high N treatments respectively. The pots were placed on 
saucers to keep the supplied nutrients in the pots. Additional demineralised 
water was supplied when required. 
 
The anthesis date was determined separately per pot. Anthesis was defined 
as “three or more plants (main shoots) per pot had visible anthers” (GS61).. 
For the low N treatment SPAD (Section 2.3.1) and chlorophyll fluorescence 
(Section 2.3.3) measurements were taken at anthesis, 12 dpa (WT started to 
senesce), 17 dpa (rapid senescence) and 21 dpa (WT completely senesced). 
For the high N treatment the equivalent time points were anthesis, 21 dpa 
(last time point low N), 25 dpa (WT started to senesce) and 35 dpa (WT 
completely senesced). All senescence measurements were performed on the 
flag leaves of main shoots and values were averaged per pot.  
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Table 2.2: Nutrient solutions used for the nitrogen nutrition experiment. The 
low N solution contained 10% Ca(NO3)2.4H2O of the high N solution. The 
deficient calcium was supplied in the form of extra CaCl2. N concentrations 
were 0.8 mM and 8.0 mM in the low and high N solutions, respectively. 
 
 
Solution Ingredient Concentration  
    mM 
  KH2PO4 0.25 
  KOH 0.50 
  MgSO4.7H2O 0.75 
  CaCl2 0.03 
  FeNaEDTA 0.10 
High N Ca(NO3)2.4H2O 4.00 
Low N Ca(NO3)2.4H2O 0.40 
Low N CaCl2 3.60 
    µM 
  H3BO3 30.0 
  MnSO4.4H2O 10.0 
  ZnSO4.7H2O 1.0 
  CuSO4.5H2O 3.0 
  Na2MoO4.2H2O 0.5 
 
 
 
Destructive sampling was performed at the same time points and final 
harvest (complete senescence of the whole pot). Two main shoot flag leaves 
were collected and frozen in liquid nitrogen and stored at -80ᵒC for gene 
expression analysis (Sections 2.2.1 – 2.2.3). Two other main shoots were 
taken and partitioned into flag leaf lamina, lamina of other leaves, leaf 
sheaths, stem, and ear fractions and all dry weights were determined after 
drying 1-2 days at 80ᵒC. At maturity the ears were split into grain and chaff. 
The samples taken at anthesis and maturity were milled for nitrogen analysis 
with a combustion N-analyser (Section 2.2.6). As flag leaf samples were too 
small, the total sample was used but the result must be considered less 
reliable.  
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Figure 2.2: Experimental design for the nitrogen nutrition experiment. A 
randomised block design with 4 blocks (I-IV) containing a complete factorial 
set of three lines x two nitrogen nutrition levels x five time points. N1 (pink) = 
low N; N2 (green) = high N; 1-5 = time points; FS2 (red), SG3 (black) and WT 
(blue) = lines.  
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The total number of tillers (including the main shoots) was determined per 
pot (five plants). Plant heights were determined for the tallest tiller or main 
shoot per plant, after which this was averaged per pot. At maturity all the 
ears per plant were harvested per pot to determine the grain yield. Total 
straw mass was determined to calculate the Harvest Index:    
                         ⁄ . Thousand grain weights (Section 
2.2.7) and the grain numbers were determined on the pooled grain per 
genotype x N group per block, since there was not enough seed per pot. 
 
2.1.3 Analysis of NAC-Overexpressing Wheat (Chapter 5) 
 
2.1.3.1 Creating and Screening of NAC-Overexpressing Wheat 
A wheat NAC transcription factor (TA65763_4565) was overexpressed in 
wheat cultivar Cadenza with the aim to delay leaf senescence. Two constructs 
(Figure 5.5) were made (by Dr Peter Buchner, Rothamsted Research): one 
with the rice tungro bacilliform virus (RTBV) promoter and one with the rice 
actin1 promoter. The RTBV promoter has good expression in wheat leaves, 
immature floral tissues and endosperm but no expression in roots, pollen or 
the axis of immature embryos (Rothamsted Cereal Transformation Group, 
unpublished). In rice the expression of the RTBV promoter in leaves was 
mainly localised in the phloem, although there also was low expression in the 
mesophyll parenchyma (Bhattacharyya-Pakrasi et al., 1993). The actin1 
promoter is considered to be constitutively expressed in all tissues (Zhang, 
McElroy and Wu, 1991). Transformations of wheat were performed by the 
Rothamsted Cereal Transformation Group using the particle bombardment 
technique (Sanford, 1988) as described by Sparks and Jones (2009).  
 
Two pActin-NAC lines and eight pRTBV-NAC lines were generated (Table 2.3). 
Second generation (T2) plants were grown in the glasshouse to determine 
whether there was a resulting phenotype. 10-12 seeds were germinated and 
the seedlings were screened for presence of the transgene by PCR on 
genomic DNA (Sections 2.2.4 and 2.2.5). The transgenic lines were compared 
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with a transformation control line (which went through the transformation 
process but no construct was inserted) and wild-type (cv. Cadenza) wheat.  
 
2.1.3.2 Analysis of NAC-Overexpressing Wheat 
Four positive plants per line were grown in the glasshouse (20ᵒC day / 15ᵒC 
night temperature with a minimum photoperiod of 16 hours as controlled by 
supplementary 400 watt SON-T lighting) in a complete randomised block 
design with four replicate blocks (Figure 2.3) with one plant per pot (Ø 13 cm, 
0.8 l). Plants were grown in “Rothamsted Prescription Mix” compost: 75% 
medium grade peat, 12% screened sterilised loam, 3% medium grade 
vermiculite, 10% grit (5mm screened, lime free), 3.5 kg m-3 Osmocote Exact, 
0.5 kg m-3 PG mix, lime to pH 5.5-6.0, and 200 ml m-3 Vitax Ultrawet wetting 
agent. The total N supply was approximately 0.5 g N per pot. Development 
was followed by determining when key developmental stages were reached 
by the main shoot: Growth Stage 39 (flag leaf totally emerged), GS49 (booting 
complete, start heading), GS61 (start anthesis) and GS89 (physiological 
maturity) of the Zadoks classification (Zadoks et al., 1974). The anthesis date 
was not only determined for the main shoot but also for the first three tillers. 
Morphological features determined were: height of main shoot and first two 
tillers, length and width of top three leaves of the main shoot, the number of 
leaves on the stem of the main shoot, and the number of tillers (including the 
main shoot). Senescence was followed by measuring SPAD (Section 2.3.1) and 
quantum yield (Section 2.3.3) of the top three leaves of the main shoot 
weekly from anthesis until seven weeks post-anthesis. Grain was collected 
and weighed to determine the grain yield. 
 
2.1.3.3 Gene Expression, Biomass and Grain Nitrogen Analysis 
An experiment was set up with a selection of the lines to analyse gene 
expression, biomass distribution and grain nitrogen concentration and 
content of selected lines. The experiment consisted of three replicate blocks 
with five lines and four time points (Figure 2.4). Plants were grown at the 
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same conditions as in the previous characterisation experiment. The lines 
included were R5 (greenest), R8 (longest green duration), R4 (average stay-
green), A1 (actin promoter line) and C (control line). There were four sample 
points at which SPAD (Section 2.3.1) of the top three leaves of the main shoot 
was measured and the second leaf of the main shoot was harvested for gene 
expression analysis (Sections 2.2.1 - 2.3.3). The first two sample points were 
anthesis (0 dpa) and 10 dpa (no visible senescence control line) Senescence 
differed dramatically between the blocks depending on position: an unusual 
warm and sunny march week induced senescence and the effects were 
stronger for blocks B and C which were located at the south-facing window of 
the glasshouse. Therefore the last two sample points were different per 
block: 20 dpa (start visible senescence control line) and 25 dpa (strong 
senescence control line) for block A and 15 (start visible senescence control 
line) and 20 dpa (strong senescence control line) for blocks B and C. At 
anthesis, after the leaf had been collected, the whole shoot was harvested, 
oven-dried at 80ᵒC and weighed to determine the biomass. At maturity the 
biomass of ears, grain, and the rest of the aboveground tissues of the 
remaining plants was determined. Total grain per plant was milled and the 
nitrogen concentration and content determined (Section 2.2.6). 
 
Table 2.3: Lines used for characterisation of NAC-overexpressing wheat. The 
transgenic plants used were from the T2 generation. 
 
Line Description Bombardment Replicate Plant T0 Plant T1 
A1 pActin-NAC 2806 6 1 16 
A2 pActin-NAC 2806 11 1 11 
R1 pRTBV-NAC 2789 7 3a 10 
R2 pRTBV-NAC 2789 7 5 14 
R3 pRTBV-NAC 2802 4 1a 4 
R4 pRTBV-NAC 2802 8 1 8 
R5 pRTBV-NAC 2802 9 1 16 
R6 pRTBV-NAC 2802 13 1 8 
R7 pRTBV-NAC 2802 13 2 12 
R8 pRTBV-NAC 2802 14 1 14 
C Transformation control 2802 3 1 1 
WT Cadenza wild-type x x x x 
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Figure 2.3: Experimental design for characterisation of NAC-overexpressing 
wheat. A randomised block design with four blocks (1-4). A1 + A2 = pActin-
NAC 1 + 2, R1-R8 = pRTBV-NAC 1 – 8, C = transformation control, WT = wild-
type Cadenza. 
 
 
 
  
A 
  A1-1 R4-4 R5-2 R4-1 R5-3 
C-3 A1-3 R8-3 R4-3 R8-4 
R5-4 R4-2 R5-1 A1-4 A1-2 
R8-2 C-1 R8-1 C-2 C-4 
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  R4-4 R4-3 C-4 R8-3 R8-2 
R8-1 C-2 A1-2 C-1 A1-3 
R4-2 R4-1 R5-1 R5-4 R5-2 
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Figure 2.4: Experimental design for the second NAC transgenics experiment. 
A randomised block design with three blocks (A-C), four time points (1-4) and 
five lines. A1 = pActin-NAC 1; R4, 5 and 8 = pRTBV-NAC 4, 5 and 8; C = 
transformation control.  
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2.1.4 Analysis of WRKY-RNAi-Knockdown Wheat (Chapter 6) 
In an attempt to delay leaf senescence in wheat, an RNAi-construct was made 
to silence a wheat WRKY transcription factor (accession numbers TC271537 
and BE406842) in wheat cultivar Cadenza. As for NAC-overexpression, a 
construct with the RTBV promoter and one with the actin1 promoter were 
made (see Section 2.1.3.a and Figure 6.3 for more details). 
 
Six pActin-WRKY-RNAi and eleven pRTBV-WRKY-RNAi lines generated (Table 
2.4). Second generation (T2) plants were grown to determine whether there 
was a resulting phenotype. 10-12 seeds were germinated and the seedlings 
were screened for presence of the transgene by PCR on genomic DNA 
(Sections 2.3.4 and 2.3.5). Four positive plants per line were selected and 
grown in the glasshouse (20ᵒC day / 15ᵒC night temperature with a minimum 
photoperiod of 16 hours as controlled by supplementary 400 watt SON-T 
lighting) in a complete randomised block design with four replicate blocks 
(Figure 2.5) with one plant per pot (Ø 13 cm, 0.8 l). Plants were grown in 
“Rothamsted Prescription Mix” compost: 75% medium grade peat, 12% 
screened sterilised loam, 3% medium grade vermiculite, 10% grit (5mm 
screened, lime free), 3.5 kg m-3 Osmocote Exact, 0.5 kg m-3 PG mix, lime to pH 
5.5-6.0, and 200 ml m-3 Vitax Ultrawet wetting agent.  
 
Development was followed by determining when key developmental stages 
were reached by the main shoot: Growth Stage 39 (flag leaf totally emerged), 
GS49 (booting complete, start heading), GS61 (start anthesis) and GS89 
(physiological maturity) of the Zadoks classification (Zadoks et al., 1974). GS89 
was also determined for the whole plant. The anthesis date (GS61) was also 
determined for the first three tillers. Morphological features determined 
were height of main shoot and first three tillers, length and width of top three 
leaves of the main shoot, the number of leaves on the stem of the main 
shoot, and the number of tillers (including the main shoot). Senescence was 
followed by measuring SPAD (Section 2.3.1) and quantum yield (Section 2.3.3) 
of the top three leaves of the main shoot weekly from anthesis until 7 weeks 
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post-anthesis. A second leaf was sampled at 7 days post-anthesis (tiller 1), 21 
dpa (tiller 3) and 28 dpa (tiller 2) for gene expression analysis (Sections 2.2.1 – 
2.3.3). Grain was collected and weighed per plant to determine the yield. 
 
 
Table 2.4: Lines used for characterisation of WRKY-RNAi wheat. The 
transgenic plants used were from the T2 generation. 
Line Description Bombardment Replicate Plant T0 Plant T1 
A1 pActin-WRKY-RNAi 1 2849 3 1a 2 
A2 pActin-WRKY-RNAi 2 2849 5 3a 2 
A3 pActin-WRKY-RNAi 3 2849 5 4b 3 
A5 pActin-WRKY-RNAi 5 2853 3 3a 1 
A6 pActin-WRKY-RNAi 6 2853 3 4 6 
A7 pActin-WRKY-RNAi 7 2853 3 5b 7 
R1 pRTBV-WRKY-RNAi 1 2848 3 1a 3 
R2 pRTBV-WRKY-RNAi 2 2848 3 9b 6 
R3 pRTBV-WRKY-RNAi 3 2848 4 1 1 
R4 pRTBV-WRKY-RNAi 4 2848 6 7b 4 
R5 pRTBV-WRKY-RNAi 5 2848 7 2a 1 
R6 pRTBV-WRKY-RNAi 6 2852 5 2 2 
R7 pRTBV-WRKY-RNAi 7 2852 6 1 7 
R8 pRTBV-WRKY-RNAi 8 2852 6 2 8 
R9 pRTBV-WRKY-RNAi 9 2852 6 3 8 
R10 pRTBV-WRKY-RNAi 10 2852 6 4 8 
R11 pRTBV-WRKY-RNAi 11 2852 6 7a 4 
C Transformation control 2853 1 2 1 
WT Cadenza wild-type x x x x 
 
 
1 A2 R11 R9 A5 R8 
 
2 R5 R9 R11 C A2 
 R2 R6 A3 R10 A7 
 
 R6 R8 R3 A6 A7 
 A1 A6 R1 WT R5 
 
 A3 A5 A1 R7 R4 
 R3 R4 R7 C   
 
 WT R1 R2 R10   
 
      
 
     3 R7 R6 R4 A5 R3 
 
4 WT A1 R11 A3 R6 
 R8 A1 C R9 R2 
 
 R7 R3 R4 A5 A7 
 A6 R11 R10 A7 R5 
 
 A6 R2 R5 R9 C 
 A3 WT R1 A2   
 
 R10 R8 R1 A2   
 
Figure 2.5: Experimental design for characterisation of WRKY-RNAi wheat. A 
randomised block design with four blocks (1-4). A1 - A7 = pActin-WRKY-RNAi 
1-7 (4 does not exist), R1-R11 = pRTBV-WRKY-RNAi 1 – 11, C = transformation 
control, WT = wild-type (cv. Cadenza). 
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2.1.5 NAC and WRKY Expression in Different Tissues (Chapters 5 & 6) 
To be able to determine the expression (Sections 2.2.1 – 2.2.3) of the NAC 
and WRKY transcription factors in different plant tissues, the plant parts were 
harvested from wheat plants grown in the glasshouse (Table 2.5) and stored 
at -80ᵒC. Most tissues were harvested at anthesis. Exceptions were grain and 
other flower parts, since grain has not yet developed at anthesis. In this 
experiment the roots were not harvested; root tissues from a field 
experiment were used instead. 
 
Table 2.5: Tissues used for expression analysis. Three biological replicates of 
each were used. RNA samples provided by Dr Peter Buchner (Rothamsted 
Research). 
Tissue Growing conditions Variety Sampling stage 
Roots Field Hereward Booting 
Flag leaf (First Leaf) Glasshouse Paragon Anthesis 
Second Leaf Glasshouse Paragon Anthesis 
Third Leaf Glasshouse Paragon Anthesis 
Sheath Glasshouse Paragon Anthesis 
Stem Glasshouse Paragon Anthesis 
Rachis Glasshouse Paragon Anthesis 
Glume + Lemna Glasshouse Paragon 7 days post-anthesis 
Grain Glasshouse Paragon 7 days post-anthesis 
 
 
2.2 LABORATORY PROCEDURES 
 
2.2.1 RNA Extraction 
RNA was extracted from ground frozen (-80ᵒC) leaf material using a modified 
version of the hot phenol extraction method of Verwoerd et al. (1989). A first 
extraction was performed with hot (80ᵒC) 1:1 phenol/extraction buffer (0.1M 
Tris/HCl, 0.1M LiCl, 1% SDS, 10mM EDTA, pH 8.0) and chloroform / isoamyl 
alcohol (IAA) (24:1). A second extraction of the aqueous phase was performed 
with chloroform/IAA. The aqueous phase was than mixed with 1 volume 4M 
LiCl to let the RNA precipitate overnight at 4ᵒC. The RNA was then collected 
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by centrifugation and the pellet washed with 70% ethanol. After a DNase 
treatment with 5.0 units of RNase-free DNase (Promega), another 
chloroform/IAA extraction was performed. The RNA was then precipitated by 
adding 1/10 volume 3M sodium acetate and 2.75 volume ethanol to the 
aqueous phase and incubation at -20ᵒC. After collecting the RNAs by 
centrifugation the pellet was washed with 70% ethanol and solved in 50 µl 
DEPC-treated water. Quality and quantity of the RNAs were checked by 
measuring the concentration with a Nano Drop™ ND-1000 photo-
spectrometer (Thermo Scientific, USA) and by TAE-agarose electrophoresis 
(1% gel). 
 
2.2.2 cDNA Synthesis 
cDNA was synthesised using Superscript III reverse transcriptase (Invitrogen). 
2.0 µg RNA, 1.0 µl 10 mM dT-adapter primers and H2ODepc to a total volume of 
13.0 µl were mixed and incubated at 70 ᵒC for 10 minutes. After chilling on ice 
4.0 µL 5x buffer, 1.0 µl 0.1M DTT, 1.0 µl 10mM dNTPs and 1.0 µl Superscript III 
enzyme were added and the solution was first incubated for 5 minutes at 
room temperature, then 90 minutes at 50ᵒC, and finally 15 minutes at 70ᵒC. 
In some cases 5.0 µl H2ODEPC was then added to a total volume of 25.0 µl. 
 
2.2.3 Semi-Quantitative PCR 
1.0 µl of cDNA was used for semi-quantitative PCR (sq-PCR) in a reaction 
volume of 15.0 µl containing 0.3 µl of both sense and antisense primer, 7.5 µl 
RedTaq mix (Sigma) and 5.9 µl H2O. The PCR regime consisted of an initial 2 
minutes at 94ᵒC, then an x number of cycles with 30 seconds at 94ᵒC, 20 
seconds at 57 ᵒC (except for total NAC expression at 60ᵒC) and 40 seconds at 
72 ᵒC, and finally 5 minutes at 72 ᵒC. The primers and the number of PCR 
cycles (during the linear phase of amplification) depended on the gene 
analysed (Table 2.6). All primers were designed to give PCR products of 
approximately 500bp. 
  
2. MATERIALS AND METHODS 
 
49 
 
Table 2.6: Primers used for semi-quantitative PCR. * are TIGR plant transcript 
assemblies.  † annealing temperature of 60ᵒC instead of 57ᵒC. 
 
Gene Accession number Sense primer Antisense primer Number 
of cycles 
Actin2 TC234027 CCTTCAATGTTCCAGCCATGTA ATAGTTGAGCCACCACTGAGCA 25 
CCT TC266579 CGAGCTCTACAACCCCATGC CGGTAAGTCCAGCCAGGAATC 32 
DNA-binding TC240748 GTTGAAGCGAGTCATCCACTTG CGAAGATCGTCCAGAGTATCAGC 32 
F-box TC257395 GGTTCCGTTCGGTTGCTTATC GCACACGACGGAGGAAGTAAG 30 
GLK1 TA110567_4565* GCATGCCGGTGTAAGTTCAGC GTGGTATCATCGGCGTGGATAA 38 
MYBa TC275306 GCTCATACAGCTGCAACAGACA CTGTGTATTAAGGTGGTGGCTGA 33 
MYBb TC263812 CTAACCTCACCATTTCAGGAAGC CATGGCTGAGAAGATAGGACGAG 23 
MYC TA70705_4565* ACGCCATCTCCTACATCAACG CGGTGGTGAGTAATAGGATCACG 32 
NAC 
endogenous 
TA67563_4565* CAAGGAAGACTGGGTGCTATGC GGAACAGACACTGCATCAACCA 33 
NAC total† TA67563_4565* GGCAGGGAGTGGTACTTCTTCAG CACTTGCTCGATGGTGTTCATC 31 
NAC 
transgenic 
TA67563_4565* CAAGGAAGACTGGGTGCTATGC 
(= same as endogenous NAC) 
GAGAGAGACTGGTGATTTCAGCG 
(35S terminator primer) 
40 
PTF1 TC253044 CTAATGGAAACAGTGCCAGTGC GTGCCTTTCTGGTTGGATATGG 31 
RBCS TC263601 AAGCCAGAGTGCCTCCTCCTA GTACGCGTCAGGGTACTCCTTC 17 
RING TC268503 CAACATTTGGCTGAGAATGACC GATCAACTATGCCCTGCATTTG 33 
SAG12 TC63758 AGAGAACGGCAAGGACTACTGG GTCGTGATGCAAATGTTTACGCG 27 
WRKY total TC271537 
BE406842 
CTTCGTCCAAGAACAGCAAGAAC CTCATAAACCCATGTCCCCTTG 33 
WRKY 
transgenic 
TC271537 
BE406842 
GACGTCGGCGCCCAGTCCATCATGAATA GAGAGAGACTGGTGATTTCAGCG 
(35S terminator primer) 
40 
ZFP-TF TC235744 CTTGGTGGTGACTACGCCAAC TGATGATGTCGACTGCRGGAC 33 
 
 
 
All PCR samples were run on a 1.2% TAE-agarose gel with ethidium-bromide 
staining (3.0 µl per 100 ml gel), keeping replicates together in the cases all 
samples did not fit on one gel. An example gel is shown in Figure 2.6. In the 
case of the Hereward samples 11.0 µl of PCR product was run on a gel with 
medium-sized wells (comb of 20 on 100 ml gel). The band intensities were 
analysed using GeneSnap (6.00.21) and GeneTools (3.02.00) Analysis Software 
(Syngene, Cambridge). For the Avalon x Cadenza and the transgenic wheat 
samples, 5.0 µl of the PCR product was loaded into small wells (comb of 30 on 
100 ml gel). The band intensities were analysed using GeneSnap (7.8.1.0) and 
GeneTools (4.1.2.0) Analysis Software (Syngene, Cambridge). 
 
Expression of the actin2 reference gene was measured first for all samples to 
assess differences in cDNA concentrations between the samples. actin2 
expression of all samples was related to the sample with the highest 
expression to get “conversion factors” for normalisation of other genes: 
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(                                            ⁄ ). These factors were 
multiplied with expression values of all other genes to normalise for 
differences in cDNA concentrations. For all experiments except the Hereward 
samples, an extra normalisation step was introduced: the relative expression 
of each sample was related to the 500bp band of 1.0 µl of the GeneRuler 
100bp DNA ladder (Fermentas) to get comparable numbers for all the genes. 
However, since the number of PCR cycles differed between genes (Table 2.6), 
expression of different genes cannot be compared. Therefore the expression 
measured was relative rather than absolute, and only indicative of relative 
differences in expression of a single gene between different samples. 
 
 
 
 
Figure 2.6: Example of a gel of semi-quantitative PCR. Expression of the 
actin2 reference gene (top) was similar in all samples while expression of the 
RBCS marker gene (bottom) in the same samples differed depending on 
senescence status of the leaves. The ladder is the GeneRuler 100bp DNA 
ladder (Fermentas). 
 
 
2.2.4 Genomic DNA Extraction 
Genomic DNA (gDNA) was extracted from ground frozen leaf material (1-2 cm 
section) according to a protocol modified from Lin et al. (2001). 600 µl DNA 
extraction buffer (0.1M Tris-HCl pH 8.0, 10mM EDTA pH 8.0, 1.0M KCl, 0.75% 
PVP-40, 3.6 g/L NaHSO4) was added and the samples were incubated at 65ᵒC 
while shaking. 200 µl of 5M KAc (pH 5.2) was added and the samples were 
mixed and then centrifuged for 5 min at maximum speed. 0.6 volume 
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isopropanol was added to the supernatant and the samples were precipitated 
for 10 minutes at -20ᵒC. After 10 minutes centrifugation the pellet was 
washed with 70% ethanol. The pellet was than dried and solved in 200 µl 
10mM Tris-HCl buffer (pH 8.0) containing 200 µg RNase A. 
 
2.2.5 PCR Screening for Transgenic Plants 
The primers used for the screening of plants containing a NAC-overexpression 
construct were a primer on the NAC gene (NAC-CK208366for = 5’- CAA GGA 
AGA CTG GGT GCT ATG C- 3’) and a primer on the 35S-terminator (35S-
TermRev = 5’- CCC GGG ATC TGG ATT TTA GTA CTG GAT -3’), so that the 
endogenous NAC would not be detected. For the WRKY-RNAi plants the same 
35S reverse primer was used together with a primer based on the border of 
spacer and WRKY sequence (WRKY-RNAi-Rev = 5’- GAC GTC GGC GCC CAG 
TCC ATC ATG AAT A -3’). 0.2 µl of gDNA (or 1 µl 10x diluted gDNA) was used 
for PCR in a reaction volume of 15 µl (0.3 µl of both the sense and antisense 
primers, 7.5 µl RedTaq mix (Sigma), rest H2O). The PCR regime is an initial 2 
minutes at 94ᵒC, then 40 cycles with 30 seconds at 94ᵒC, 20 seconds at 57 ᵒC 
and 40 seconds at 72 ᵒC, and finally 5 minutes at 72 ᵒC. The product was run 
on a 1%-TAE-gel with ethidium-bromide staining. The product sizes were 653 
and 485 bp for NAC and WRKY respectively. 
 
2.2.6 Nitrogen 
The nitrogen concentration of dried plant material was analysed using either 
a CNS 2000 or a TruSpec Combustion Analyser (both from LECO Corporation, 
USA) via the Dumas combustion method (Dumas, 1831). The samples were 
first milled and then oven-dried overnight at 80ᵒC, after which either 300 mg 
(CNS 2000) or 150 mg (TruSpec) samples were weighed out for analysis. Total 
nitrogen contents were calculated according to the formula: 
                    . The nitrogen harvest index was calculated 
according to the formula:      
           
                 
. 
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2.2.7 Thousand Grain Weight 
Thousand grain weights (TGW) were determined by counting out two sets of 
500 seeds, drying them overnight at 105ᵒC and then weighing them. Two sets 
of 500 were used instead of one of 1000 to be able to check whether there 
was variation within the sample (so if a representative subsample was taken). 
 
 
2.3 SENESCENCE MEASUREMENTS 
 
2.3.1 Relative Chlorophyll Content 
Relative chlorophyll content was assessed using a Soil Plant Analysis 
Development (SPAD) meter (SPAD-502, Minolta, Japan). SPAD meters 
measure absorbance at two wavelengths: red light (650 nm) which is 
absorbed by chlorophyll and near-infrared light (940 nm) as a reference 
wavelength to adjust for differences in leaf thickness (Richardson, Duigan and 
Berlyn, 2002). For the stay-green mutant screening and the transgenics 
experiments two measurements were taken approximately in the middle of 
each leaf at one (transgenics) or both (stay-green screening) sides of the 
midvein, hallway between midvein and leaf edge. For the further experiments 
on the stay-green mutants two readings were taken of each individual flag 
leaf: one at one-third and a second at two-third down the leaf.  
 
2.3.2 Photosynthesis 
Photosynthetic rate was determined by measuring changes in CO2 levels using 
the Li-6400 Portable Photosynthesis System (LI-COR Inc, Lincoln, NE, USA). 
Conditions for all measurements were kept as constant as possible: the LED 
light source set to 1000 μmol m-2 s-1, the relative humidity in the sample 
chamber at 65%, a 385 μmol mol-1 sample CO2 concentration, and the leaf 
temperature set to be between 23.8ᵒC and 24.2ᵒC by adjusting the block 
temperature. The reading was taken when photosynthesis had stabilised. 
Measurements were done of one flag leaf per pot with the light on the 
adaxial side of the leaf. 
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2.3.3 Chlorophyll Fluorescence 
Quantum yield is a measure of the photosystem II (PSII) maximum efficiency 
of a leaf and can be determined by measuring the ratio between variable (FV) 
and maximum (FM) chlorophyll fluorescence (Maxwell and Johnson, 2000). 
Chlorophyll fluorescence measurements were taken halfway between the 
midvein and the edge of the adaxial side of light-adapted leaf blades, in which 
case quantum yield is equivalent to FV’/FM’. Measurements were performed 
with a FluorPen FP100s handheld chlorophyll fluorometer (Qubit Systems Inc, 
Canada). For the stay-green mutant experiments two readings were taken of 
each individual flag leaf: one at one-third and a second at two-third down the 
leaf. For the Avalon x Cadenza field experiment and analysis of transgenic 
plants one measurement per leaf was taken in the middle of the leaf.  
 
2.3.4 Canopy Reflectance 
The Normalised Difference Vegetation Index (NDVI) was determined by using 
a Crop Circle ACS-210 crop canopy sensor (Holland Scientific, USA). When the 
canopy is fully closed the NDVI is proportional to senescence, while under 
partial canopy closure the NDVI is directly proportional to plant biomass. The 
Crop Canopy Circle emits visible light (VIS) at 590nm and near-infrared light 
(NIR) at 880nm and computes the NDVI from the reflectances (ρ) of both 
forms of light according to the formula:      
          
          
.  
 
In the field the Crop Circle was used according to the manufacturer’s 
instructions to take one measurement per plot per time point in the middle of 
the canopy. Care was taken that the distance to the canopy was the same at 
all times so that a similar area was measured. 
 
In the glasshouse the sensor was placed in a hole on top of a closed box that 
was black on the inside, so that the sensor could only pick up reflections 
originating from the plants (Figure 2.7). Single measurements were 
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performed weekly from just before anthesis until the week NDVI did not 
decrease further. 
 
 
 
 
 
Figure 2.7: Setup of the Crop Canopy Sensor on a black box to measure 
whole-plant senescence (not on scale). Measurements: height 100 cm x 
length 50 cm x width 50 cm.  
 
 
2.4 PHYLOGENETIC ANALYSIS 
 
To infer the phylogenetic relationship of the WRKY and NAC genes, they were 
compared to all rice family members, known wheat genes and senescence-
related genes from all other plant species. Protein sequences of all known rice 
NAC and WRKY genes were downloaded from the Database of Rice 
Transcription Factors (DRTF). Only sequences of the Japonica rice cultivar 
were used. All other protein sequences were collected from the UniProtKB 
database. 
 
 
 
 
 
 
Black box (to minimise 
reflection) 
Crop Canopy Sensor (emits 
light and measures 
reflection) 
Wheat plant 
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The total protein sequences were aligned using the MEGA5 software with the 
built-in ClustalW algorithm (Larkin et al., 2007). Next the sequences were 
cropped to only include the WRKY or NAC domain. Duplicate sequences 
(usually splicing variations of the rice loci) and genes that did not contain 
(most of) the domain were deleted. The sequences were then aligned again. 
 
Phylogenetic trees were constructed using the Neighbor-Joining method in 
MEGA5 (Tamura et al., 2011). The stability of the nodes was tested using 
bootstrap analysis with 1000 replicates as implemented in MEGA5. 
 
 
2.5 STATISTICAL ANALYSES 
 
In principle all results were analysed by Analysis of Variance (ANOVA) using 
GenStat® software (Payne et al., 2009). The Least Significant Difference (LSD) 
at 5% level was used to assess whether two individual values were statistically 
different. If data were not normally distributed, they were log-transformed or 
square-root-transformed. 
 
Restricted Maximum Likelihood (REML) analysis was used in two cases where 
ANOVA analysis was not appropriate: in (a) the Paragon nitrogen nutrition 
experiment because the time points of the two nitrogen treatments were not 
the same, resulting in an unbalanced experimental design unsuitable for 
ANOVA; and (b) the Hereward expression data because the field samples 
were randomised again for laboratory testing. As for ANOVA, for REML 
analysis differences were assessed using the (estimated) 5% LSD and data 
were transformed when required. For time course a test for autocorrelation 
was performed. 
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Canonical Variates Analysis (CVA) was used to analyse the data from the initial 
screening of the Paragon mutant collection (by Dr Stephen Powers, 
Rothamsted Research).  
 
Regression analysis and Pearson’s correlation coefficients calculations were 
performed using Microsoft Office Excel. In all cases except the screening of 
the Paragon mutant collection, single data points (so not the means) of each 
replicate were used. The correlation coefficients (R) with the appropriate 
Degrees of Freedom (sample size minus two) were used to assess whether a 
correlation was significant at the 5% level.  
 
Standard Errors (SE) were calculated and plotted in the graphs when 
appropriate (three or more replicates). They were not used for assessing 
significant differences, but are displayed for clarity only. 
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3. GENE EXPRESSION ANALYSIS OF CANDIDATE 
REGULATORY GENES OF LEAF SENESCENCE IN 
DIFFERENTIAL SENESCING FIELD-GROWN WHEAT 
 
 
 
3.1 INTRODUCTION 
 
Theoretically, a delay in leaf senescence should result in an extended carbon 
fixation period during grain-filling, thereby enhancing biomass and grain yield 
potential (Richards, 2000). This model assumes that the additional produced 
carbohydrates are trans-located from the source leaves to the developing 
grain and that the remobilisation of nitrogen is unaffected.  
 
One approach to investigate the relationship between canopy senescence and 
nitrogen remobilisation and grain yield is to compare wheat genotypes with 
different senescence patterns. As grain yield is best assessed in the field, field-
grown wheat with different canopy senescence patterns would be of specific 
importance.  
 
As plant nitrogen status has been shown to have a major impact on the onset 
and progression of leaf senescence in wheat, barley and Arabidopsis (Peng et 
al., 2007; Schildhauer et al., 2008), manipulation of nitrogen availability is 
another route to generate wheat with different patterns of senescence.  
 
To facilitate manipulation of leaf senescence in plant breeding programmes, 
and therefore indirectly nitrogen remobilisation and possibly even grain yield, 
it would be advantageous to know how leaf senescence is regulated at the 
molecular level. Regulatory genes of leaf senescence, most likely transcription 
factors, will need to be identified. One approach to do this is screening 
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candidate genes by comparing their expression in wheat genotypes displaying 
different patterns of senescence.  
 
The aims of the experiments reported in this chapter were:  
1. To compare senescence patterns of wheat genotypes grown under 
different nitrogen regimes in the field. 
2. To assess the effects of differential senescence on grain yield, harvest 
index and grain nitrogen concentration and content. 
3. To examine patterns of expression of candidate regulatory genes of 
leaf senescence in leaf samples from these field experiments. 
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3.2 GENE EXPRESSION UNDER DIFFERENT NITROGEN REGIMES 
 
To identify genes involved in the regulation of leaf senescence, gene 
expression studies were performed on leaf tissues of the wheat cultivar 
Hereward grown under two nitrogen fertilisation regimes in the field. The leaf 
greenness data, as measured with a SPAD meter, demonstrated that a low 
nitrogen supply of 50 kg N ha-1 advanced the onset of senescence of the 
second leaf of wheat compared to senescence occurring at a standard 
nitrogen supply of 200 kg N ha-1 (P<0.001; Figure 3.1). At low N, SPAD values 
at 21 days post-anthesis (dpa) were already significantly lower than at 
anthesis (P<0.001), and at 28 dpa values were significantly lower than at 14 
dpa. After 28 dpa senescence progressed rapidly with significant decreases in 
greenness each week. In contrast, at high N relative chlorophyll content did 
not change between anthesis and 35 dpa; the first significant decrease 
occurred between 35 and 42 dpa (P<0.001). 
 
The small subunit of Rubisco (RBCS) and senescence-associated gene 12 
(SAG12) genes are commonly used markers for leaf senescence (for instance 
Noh and Amasino, 1999; Rampino et al., 2006). Expression of these genes was 
analysed to validate the suitability of the leaf material collected. Gene 
expression was analysed by two-phase semi-quantitative RT-PCR as described 
in Sections 2.3.1 - 2.3.3. RBCS expression was higher under high N availability 
(P<0.01) and decreased as senescence progressed (P<0.001; Figure 3.2.a). 
SAG12 expression increased with senescence (P<0.001); as greenness 
decreased under low N, between 28 and 35 dpa, SAG12 expression increased 
(Figure 3.2.b). So the expression of the marker genes was in agreement with 
the course of senescence. 
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Figure 3.1: The progression of leaf 2 senescence of field-grown wheat (cv. 
Hereward) at two nitrogen regimes. Relative chlorophyll content was 
determined with a SPAD meter. N was supplied at 50 kg N ha-1 and 200 kg N 
ha-1. LSD = 4.20. Data are means + SE of four replicates. Data were collected 
by Dr Jonathan Howarth (Rothamsted Research) in 2007.  
 
 
A transcriptomics study of six wheat varieties grown at two nitrogen levels (50 
and 200 kg N ha-1) resulted in a list of candidate genes that may be involved in 
nitrogen remobilisation and / or leaf senescence during grain-filling 
(Hawkesford and Howarth, 2010). This list included several potential 
regulatory genes, such as transcription factors (Howarth, Barraclough and 
Hawkesford, unpublished). The expression of twelve of these genes was 
evaluated by two-phase semi-quantitative RT-PCR (Sections 2.2.1 – 2.2.3) in 
the Hereward leaf 2 tissues collected in 2007 (stored at -80ᵒC). The analysed 
genes were a CCT-motif-containing protein, a DNA-binding protein, a F-box 
protein, a gene resembling Golden-like protein 1 (GLK1), two MYB 
transcription factors (designated MYBa and MYBb), a MYC transcription 
factor, a NAC transcription factor, a gene similar to Pi starvation-induced 
transcription factor 1 (PTF1), a RING-domain-containing protein, a WRKY 
transcription factor, and a zinc-finger protein transcription factor (Figure 3.2.c 
- 3.2.n). 
 
The gene showing an expression pattern most obviously related to the 
observed senescence pattern was the WRKY transcription factor (Figure 
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3.2.m). At low N, the expression increased slowly between anthesis and 28 
dpa. Between 28 and 35 dpa, when the wheat started to senesce rapidly, 
expression of the WRKY gene increased more than three-fold. At high N, the 
expression was initially constant; the expression was only significantly higher 
at 42 dpa when the first fall in greenness had occurred. So expression was 
influenced both by senescence (P<0.001) and nitrogen availability (P<0.01). 
 
Three other genes showed a significant increase in expression when 
senescence was occurring most rapidly, at low N between 28 and 35 dpa: the 
F-box protein (Figure 3.2.e), MYB transcription factor a (Figure 3.2.g), and the 
PTF1-like gene (Figure 3.2.k). Expression of the MYC transcription factor also 
seemed to gradually increase with time; but there were large fluctuations in 
expression and the increase did not relate well with senescence (Figure 3.2.i).  
 
Expression of two genes decreased with time: the NAC and MYB b 
transcription factors. Expression of the NAC gene was similar at anthesis at 
both N regimes. NAC expression decreased gradually at low N, while at high N 
expression remained high between anthesis and 35 dpa after which it 
decreased. This resulted in significant differences in expression at 14, 28 and 
35 dpa (P<0.001; Figure 3.2.j). The expression of MYBb decreased gradually at 
low N, while at high N it was unchanged (Figure 3.2.h). The DNA-binding 
protein showed a decrease in expression between 35 and 42 dpa under high 
N conditions only (3.2.d), so there was little relation with senescence. 
 
The CCT-motif-containing protein and the GLK1-like gene were significantly 
more highly expressed under high N conditions (P<0.05) but no consistent 
changes with time were observed (Figures 3.2.c and 3.2.f), correlating with 
the response to nitrogen availability but with leaf senescence. 
 
Expression of the RING-domain-containing protein and the zinc-finger protein 
transcription factor did not show any response to the different nitrogen 
regimes and did not change with time (Figures 3.2.l and 3.2.n). 
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Figure 3.2: Relative gene expression in the second leaf of field-grown wheat 
(cv. Hereward) at two nitrogen regimes. (a) RBCS, (b) SAG12, (c) CCT-motif-
containing protein, (d) DNA-binding protein, (e) F-box protein, (f) GLK1-like 
gene, (g) MYB transcription factor a, (h) MYB transcription factor b, (i) MYC 
transcription factor, (j) NAC transcription factor, (k) PTF1-like gene, (l) RING-
domain-containing protein, (m) WRKY transcription factor, (n) zinc-finger 
protein transcription factor. Nitrogen was supplied at 50 kg N ha-1 and 200 kg 
N ha-1. At 42 days after anthesis low N samples did not contain sufficient 
quantities of RNA for gene expression analysis. Data are means + SE of four 
replicates, except for 28 days after anthesis for which only two replicates 
were available. Leaf samples were collected by Dr Jonathan Howarth at 
Rothamsted Research in 2007. * = significant difference (P<0.05). † model did 
not fit; therefore no LSD available for ad-hoc significance testing.  
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3.3 PHENOTYPE OF AVALON X CADENZA DOUBLED HAPLOID LINES 
 
3.3.1 Senescence 
As described above, gene expression studies of a single wheat cultivar  grown 
under two nitrogen regimes revealed several candidate genes showing 
differential expression which may be involved in the regulation of leaf 
senescence. To be able to separate the effects of senescence from the effects 
of nitrogen availability, wheat lines differing in senescence patterns at 
different nitrogen levels have to be compared.  
 
To identify wheat lines with different senescence patterns under different 
nitrogen levels, several lines of an Avalon x Cadenza doubled haploid 
population were grown in the field in 2008/9 at four different nitrogen 
fertilisation regimes to compare the onset and rate of senescence (see also 
Derkx, Foulkes and Hawkesford, 2010). Two lines, AC127 and AC82, were 
selected based on the change in relative chlorophyll content of the second 
leaf when grown under low (100 kg N ha-1) and high (350 kg N ha-1) nitrogen 
fertilisation. SPAD data showed that under low nitrogen conditions AC82 had 
not senesced 21 days post-anthesis unlike AC127, while when supplied with 
high nitrogen the two lines senesced similarly (Figure 3.3.a). Nitrogen 
remobilisation from the second leaf, as measured by leaf nitrogen 
concentration, followed a similar pattern (Figure 3.3.b). 
 
The field experiment with the Avalon x Cadenza lines was repeated in 
2009/10. In this year there was a post-anthesis drought: just 55 mm of 
precipitation in June and July produced a potential soil moisture deficit 
(PSMD) of 271 mm at the end of July, compared to 141 mm rain and a PSMD 
of 177 mm in 2008/9 (Rothamsted Research Weather Station). This resulted 
in faster senescence than in 2008/9 (compare the x-axes of Figures 3.3 and 
3.4), but also in enhanced differences in senescence. Both SPAD and leaf 
nitrogen concentration data showed that plants grown under low N senesced 
significantly earlier than plants grown under high N, and in both high and low 
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nitrogen conditions, AC127 senesced significantly faster than AC82 (all 
P<0.001; Figures 3.4.a and 3.4.b). Chlorophyll fluorescence, as measured with 
a FluorPen handheld fluorescence meter, showed that photosynthetic 
capacity of all lines and nitrogen conditions started to decrease 
simultaneously (Figure 3.4.c). But the decrease at low N was significantly 
faster than at high N (P<0.001), and AC127 lost photosystem II efficiency 
significantly faster than AC82 (P<0.01).   
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Figure 3.3: The progression of leaf 2 senescence of two Avalon x Cadenza 
doubled haploid lines grown in the field at two nitrogen regimes in 2008/9. 
(a) Relative chlorophyll content as determined with a SPAD meter. LSD = 9.76. 
(b) Nitrogen concentration (% DM). LSD = 0.167 (square root transformed 
data). Nitrogen was supplied at 100 kg N ha-1 and 350 kg N ha-1. Data are 
means ± SE of three replicate field plots. Figure adapted from Derkx et al. 
(2010). 
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Figure 3.4: The progression of leaf 2 senescence of two Avalon x Cadenza 
doubled haploid lines grown in the field at two nitrogen regimes in 2009/10. 
(a) Relative chlorophyll content as determined with a SPAD meter. LSD = 7.38. 
(b) Nitrogen concentration (% DM). LSD = 0.263. (c) Quantum yield (FV’/FM’) as 
determined with a FluorPen. LSD = 0.1253. Nitrogen was supplied at 100 kg N 
ha-1 and 350 kg N ha-1. Data are means ± SE of three replicate field plots. 
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In both years canopy senescence was studied at the plot level by determining 
the Normalised Difference Vegetation Index (NDVI), a measure of total green 
canopy area, with a Crop Canopy Sensor. In 2008/9 plots supplied with high N 
were greener at anthesis (Figure 3.5). The onset of whole-plot senescence 
was comparable to that of the second leaf, but in contrast, the difference in 
onset of senescence between the lines at plot-level was greater at high than 
at low nitrogen fertilisation (Figure 3.5). 
 
In 2009/10 the NDVI of all plots was lower than in 2008/9, and the difference 
between the two nitrogen treatments was greater (Figure 3.6). The earlier 
onset of senescence caused by the drought was apparent as well. In 2009/10, 
line AC127 started to senesce earlier than line AC82, but the difference in 
onset of senescence between the two lines was equal in both N treatments 
(Figure 3.6). The rates of senescence were comparable. 
 
 
Days from anthesis
-20 -10 0 10 20 30 40 50 60
N
D
V
I
0.0
0.2
0.4
0.6
0.8
1.0
AC127 N100
AC127 N350
AC82 N100
AC82 N350
 
 
Figure 3.5: The progression of senescence of whole field plots of two Avalon 
x Cadenza doubled haploid lines grown at two nitrogen regimes in 2008/9. 
Nitrogen was supplied at 100 kg N ha-1 and 350 kg N ha-1. The Normalised 
Difference Vegetation Index (NDVI) was measured with a Crop Canopy 
Sensor. Data are means ± SE of three replicate field plots. 
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Figure 3.6: The progression of senescence of whole field plots of two Avalon 
x Cadenza doubled haploid lines grown at two nitrogen regimes in 2009/10. 
Nitrogen was supplied at 100 kg N ha-1 and 350 kg N ha-1. The Normalised 
Difference Vegetation Index (NDVI) was measured with a Crop Canopy 
Sensor. Data are means ± SE of three replicate field plots. 
 
 
3.3.2 Yield Characteristics 
Grain yield differed between N levels, but not significantly between the lines 
at any N rate in any year (Figure 3.7.e and 3.7.f). However, the two lines 
showed highly significant differences in straw yield (P<0.001): the straw dry 
weight of AC127 was higher than that of AC82, independent of the N rate 
(Figure 3.7.c and 3.7.d). This resulted in a significantly lower harvest index for 
AC127 (P<0.001; Figure 3.7.e and 3.7.f). In both years both the grain N 
concentration and total N content did not differ at any N level (Figure 3.7.g – 
3.7.j). This suggests that onset and rate of senescence did not influence the 
final amount of nitrogen remobilised to the grain. Taking together the results 
from both lines, total grain N content at different nitrogen regimes followed 
the same pattern as grain yield and grain N concentration (Figure 3.7) and 
correlated significantly with both features (R2 of 0.92 and 0.92 in 2008/9, and 
0.82 and 0.91 in 2009/10 respectively), indicating grain dry matter and grain 
nitrogen concentration change concomitantly in response to N availability. 
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Figure 3.7: Yield characteristics of two Avalon x Cadenza doubled haploid 
lines grown in the field at four nitrogen regimes in 2008/9 and 2009/10. 
Grain yield (t ha-1 at 85% dry matter) in 2008/9 (a) and 2009/10 (b). Straw 
yield (t ha-1 85% DM) in 2008/9 (c) and 2009/10 (d). Harvest Index in 2008/9 
(e) and 2009/10 (f). Grain nitrogen concentration (% DM) in 2008/9 (g) and 
2009/10 (h). Total grain nitrogen content (kg N ha-1) in 2008/9 (i) and 2009/10 
(j). Data are means + SE of three replicate field plots. * = significant difference 
(P<0.05). Panels for 2008/9 data were adapted from Derkx et al. (2010). 
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3.4 GENE EXPRESSION IN AVALON X CADENZA DOUBLED HAPLOID 
LINES 
 
Gene expression was analysed by semi-quantitative PCR as described in 
Section 2.3.3. The senescence patterns of the leaf 2 tissues of the Avalon x 
Cadenza lines were first validated with the RBCS and SAG12 marker genes. 
RBCS expression in 2008/9 decreased with time and followed the same 
pattern as leaf nitrogen concentration: N level influenced the onset and rate 
of senescence (P<0.05) but there was no significant difference between the 
lines (Figure 3.8.a). In 2009/10, RBCS expression was lower under low N 
conditions and also lower in AC127 than in AC82 (both P<0.05), but the onset 
and rate of decrease in expression were not different (Figure 3.8.b).  
 
 
 
 
 
Figure 3.8: Expression of RBCS in the second leaf of two Avalon x Cadenza 
doubled haploid lines grown in the field at two nitrogen regimes in 2008/9 
(a) and 2009/10 (b). LSDs are 0.196 and 0.826 respectively. Nitrogen was 
supplied at 100 kg N ha-1 and 350 kg N ha-1. Expression was determined at 
weekly intervals from anthesis (0) to 35 and 21 dpa respectively. Data are 
means + SE of three replicate field plots. 
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In 2008/9, SAG12 expression was significantly higher in the faster-senescing 
line AC127 than in AC82 (P<0.05), and started to increase earlier at low N 
(P<0.01; Figure 3.9.a). In 2009/10, line AC127 showed a significantly earlier 
and stronger increase in expression (P<0.001; Figure 3.9.b). At low N the 
increase in expression was significantly stronger between 7 and 14 days post-
anthesis, while at high N the increase was later between 14 and 21 dpa 
(P=0.001).  
 
The findings that RBCS expression matched senescence patterns and SAG12 
showed a contrasting pattern confirmed RBCS and SAG12 are good molecular 
markers for leaf senescence. 
 
 
 
 
 
 
Figure 3.9: Expression of SAG12 in the second leaf of two Avalon x Cadenza 
doubled haploid lines grown in the field at two nitrogen regimes in 2008/9 
(a) and 2009/10 (b). 2008/9 data were square-root-transformed and 2009/10 
date were log-transformed. LSDs are 0.2987 and 0.1035 respectively. 
Nitrogen was supplied at 100 kg N ha-1 and 350 kg N ha-1. Expression was 
determined at weekly intervals from anthesis (0) to 35 and 21 dpa 
respectively. Data are means + SE of three replicate field plots. 
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One of the genes which showed a decreasing expression during senescence 
under different nitrogen regimes was the NAC transcription factor (Figure 
3.10). Similarly, in the Avalon x Cadenza lines grown under different nitrogen 
levels, NAC expression decreased significantly in both years (P<0.001). In 
2008/9 there was no significant difference between the N levels and the lines. 
In 2009/10 expression was significantly higher under high nitrogen, matching 
slower senescence (P<0.01; Figure 3.10.b). Unexpectedly, fast-senescing line 
AC127 had an overall higher expression of NAC than AC82, but this was 
mainly caused by the higher expression at anthesis. 
 
 
 
 
 
 
 
Figure 3.10: Expression of the NAC transcription factor in the second leaf of 
two Avalon x Cadenza doubled haploid lines grown in the field at two 
nitrogen regimes in 2008/9 (a) and 2009/10 (b). LSDs are 0.953 and 0.494 
respectively. Nitrogen was supplied at 100 kg N ha-1 and 350 kg N ha-1. 
Expression was determined at weekly intervals from anthesis (0) to 35 and 21 
dpa respectively. Data are means + SE of three replicate field plots. 
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Another gene that previously showed decreasing expression during 
senescence was MYB transcription factor b. A decrease was apparent also in 
the two Avalon x Cadenza lines (Figure 3.11). In 2008/9 MYBb expression was 
significantly lower under low N conditions (P<0.05). The onset of the decrease 
was determined by the line (P<0.05): in AC127 MYBb expression already 
started to decline at 28 dpa, while expression only decreased at 35 dpa in 
AC82 (Figure 3.11.a). In 2009/10 there was no difference between lines; 
MYBb expression decreased only under low nitrogen conditions (P<0.01; 
Figure 3.11.b). 
 
 
 
 
 
 
 
Figure 3.11: Expression of MYB transcription factor b in the second leaf of 
two Avalon x Cadenza doubled haploid lines grown in the field at two 
nitrogen regimes in 2008/9 (a) and 2009/10 (b). LSDs are 0.369 and 0.315 
respectively. Nitrogen was supplied at 100 kg N ha-1 and 350 kg N ha-1. 
Expression was determined at weekly intervals from anthesis (0) to 35 and 21 
dpa respectively. Data are means + SE of three replicate field plots. 
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The GLK1-like gene previously showed a higher expression under high N 
conditions, but no significant change in expression (Figure 3.2.f). However, in 
the Avalon x Cadenza lines expression significantly decreased during 
senescence (P<0.001; Figure 3.12.a). In 2008/9 the expression pattern was 
significantly dependent on N level (P<0.05): under low nitrogen expression of 
the GLK1-like gene showed a continuous decrease, while at high N expression 
increased until 14 dpa, after which expression decreased. In 2009/10 such a 
pattern was not observed (Figure 3.12.b), possibly because the small number 
of time points did not allow such a detailed analysis. 
 
 
 
 
 
 
 
Figure 3.12: Expression of the GLK1-like gene in the second leaf of two 
Avalon x Cadenza doubled haploid lines grown in the field at two nitrogen 
regimes in 2008/9 (a) and 2009/10 (b). 2009/10 data were square-root-
transformed. LSDs are 0.788 and 0.464 respectively. Nitrogen was supplied at 
100 kg N ha-1 and 350 kg N ha-1. Expression was determined at weekly 
intervals from anthesis (0) to 35 and 21 dpa respectively. Data are means + SE 
of three replicate field plots. 
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The gene that showed the biggest increase in expression in the two N-levels 
Hereward experiment was the WRKY transcription factor. In the Avalon x 
Cadenza lines WRKY expression increased with senescence as well (P<0.001; 
Figure 3.13). In 2008/9 expression was higher in AC127 than in AC82, and 
higher under a low than a high nitrogen regime (both P<0.05; Figure 3.13.a). 
In 2009/10, WRKY expression increased only significantly under low N 
conditions (P<0.001; Figure 3.13.b). There were no differences between the 
lines. 
 
 
 
 
 
 
 
Figure 3.13: Expression of the WRKY transcription factor in the second leaf 
of two Avalon x Cadenza doubled haploid lines grown in the field at two 
nitrogen regimes in 2008/9 (a) and 2009/10 (b). LSDs are 0.534 and 1.203 
respectively. Nitrogen was supplied at 100 kg N ha-1 and 350 kg N ha-1. 
Expression was determined at weekly intervals from anthesis (0) to 35 and 21 
dpa respectively. Data are means + SE of three replicate field plots. 
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Another gene that showed an increase with senescence in the previous 
experiment was the MYB transcription factor a. An increase was also found in 
the Avalon x Cadenza lines in both years (P<0.001; Figure 3.14). In both years 
the overall expression was higher at low nitrogen fertilisation (P<0.05). The 
expression was also higher in fast-senescing line AC127 (only significant in 
2008/9, P<0.05). The onset of the increase did not seem to be affected by 
either genotype or nitrogen availability. 
 
 
 
 
 
 
 
Figure 3.14: Expression of MYB transcription factor a in the second leaf of 
two Avalon x Cadenza doubled haploid lines grown in the field at two 
nitrogen regimes in 2008/9 (a) and 2009/10 (b). LSDs are 0.490 and 0.744 
respectively. Nitrogen was supplied at 1100 kg N ha-1 and 350 kg N ha-1. 
Expression was determined at weekly intervals from anthesis (0) to 35 and 21 
dpa respectively. Data are means + SE of three replicate field plots. 
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Expression of the F-box gene increased with time (Figure 3.15). In 2008/9 
expression was higher at low N (P<0.05; Figure 3.15.a). In 2009/10 F-box 
expression was significantly higher at low N as well (P<0.05; Figure 3.15.b), 
but now the onset of the increase was influenced by genotype (P<0.05; AC127 
earlier than AC82).   
 
 
 
 
 
 
 
 
Figure 3.15: Expression of the F-box gene in the second leaf of two Avalon x 
Cadenza doubled haploid lines grown in the field at two nitrogen regimes in 
2008/9 (a) and 2009/10 (b). LSDs are 0.731 and 0.687 respectively. Nitrogen 
was supplied at 100 kg N ha-1 and 350 kg N ha-1. Expression was determined 
at weekly intervals from anthesis (0) to 35 and 21 dpa respectively. Data are 
means + SE of three replicate field plots. 
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The final gene analysed that showed an increase in expression in Hereward 
during senescence was the PTF1-like gene. In 2008/9, expression of the PTF1-
like gene increased nearly threefold in AC127 at low N between 21 and 35 
dpa (P<0.01; Figure 3.16.a). In 2009/10, AC127 showed a complex interaction 
between nitrogen availability and line (P<0.001; Figure 3.16.b). Expression of 
the PTF1-like gene increased at both nitrogen levels between 7 and 21 dpa; 
however, the increase was stronger under a low nitrogen regime. In contrast, 
AC82 showed an increase between 14 and 21 dpa at low N only. However, the 
increases and decreases in AC82 were significant too, thus showing a pattern 
not clearly related to senescence. 
 
 
 
 
 
 
 
Figure 3.16: Expression of the PTF1-like gene in the second leaf of two 
Avalon x Cadenza doubled haploid lines grown in the field at two nitrogen 
regimes in 2008/9 (a) and 2009/10 (b). LSDs are 2.172 and 0.656 respectively. 
Nitrogen was supplied at 100 kg N ha-1 and 350 kg N ha-1. Expression was 
determined at weekly intervals from anthesis (0) to 35 and 21 dpa 
respectively. Data are means + SE of three replicate field plots. 
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The other five tested genes; the CCT-motif-containing protein, the DNA-
binding protein, the MYC transcription factor, the RING-domain-containing 
protein and the zinc-finger protein transcription factor; did not show 
consistent expression patterns related to senescence (data not shown).  
 
Correlations between leaf nitrogen concentration and gene expression were 
calculated to validate the visual gene expression patterns. Leaf N 
concentration data were used instead of SPAD values because more data 
points were available (SPAD had only been determined at two time points in 
2008/9). The expression of all genes except the GLK1-like gene showed a 
significant correlation with leaf N concentration (Table 3.1). The correlations 
were especially strong for the WRKY transcription factor. SAG12 expression 
was not correlated with leaf N concentration at high N, suggesting the gene 
was only expressed when senescence was really under way (at low leaf N 
concentrations). Since expression of the GLK1-like gene increased first before 
decreasing (Figure 3.12) while leaf N concentration only decreased in time 
(Figures 3.3.b and 3.4.b), it is not surprising these traits did not correlate.  
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Table 3.1: Correlations between nitrogen concentration (% DM) and relative 
gene expression in the second leaf of two Avalon x Cadenza doubled haploid 
lines grown in the field at two nitrogen regimes in 2008/9 and 2009/10. 
N100 = 100 kg N ha-1 and N350 = 350 kg N ha-1. Correlation coefficients (R) 
were calculated on the combined data from the two growing seasons. A 
negative correlation with leaf %N indicates a positive correlation with leaf 
senescence, while a positive correlation indicates expression decreased 
during senescence. Correlations highlighted in green are significant (P<0.05) 
at the indicated appropriate degrees of freedom (d.f.). 
 
 
 
 
  
 
All N100 N350 AC127 AC82 AC127 AC82 
 
      
  
N100 N350 N100 N350 
          
RBCS 0.472 0.415 0.508 0.523 0.420 0.519 0.542 0.297 0.483 
SAG12 -0.316 -0.531 -0.196 -0.362 -0.235 -0.549 -0.298 -0.482 -0.016 
WRKY -0.640 -0.704 -0.642 -0.654 -0.619 -0.703 -0.690 -0.702 -0.573 
NAC 0.482 0.469 0.345 0.566 0.372 0.419 0.397 0.510 0.280 
MYB a -0.516 -0.541 -0.463 -0.558 -0.453 -0.535 -0.566 -0.503 -0.340 
MYB b 0.340 0.209 0.339 0.366 0.311 0.243 0.256 0.132 0.440 
F-box -0.431 -0.380 -0.271 -0.444 -0.411 -0.354 -0.245 -0.389 -0.306 
PTF1 -0.470 -0.504 -0.249 -0.540 -0.381 -0.610 -0.386 -0.211 -0.111 
GLK1 0.167 0.173 0.079 0.225 0.113 0.252 0.042 0.092 0.118 
          
d.f. 114 54 58 56 56 26 28 26 28 
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3.5 DISCUSSION AND CONCLUSIONS 
 
Wheat (cv. Hereward) grown in the field under a low nitrogen regime started 
to senesce about two weeks earlier than wheat grown under higher nitrogen 
conditions (Figure 3.1). Two Avalon x Cadenza doubled haploid lines, AC127 
and AC82, were identified that displayed different senescence patterns under 
high and low nitrogen fertilisation (Figures 3.3 – 3.6).  
 
Although grain nitrogen concentration and content differed significantly 
between N levels, AC127 and AC82 did not differ in grain N concentration or 
content at any nitrogen level (Figure 3.7.g – j). Differences in grain and straw 
yields and therefore harvest index were consistent across all nitrogen levels 
(Figure 3.7.a – f), indicating that both lines responded similarly to changes in 
nitrogen availability. Furthermore, grain N content correlated significantly 
with both grain N concentration and grain yield over all lines and N levels, 
indicating grain N concentration and yield responded concomitantly to N 
availability. This suggests that, at least under these conditions, grain yield of 
both AC127 and AC82 was limited by N availability and not by photosynthetic 
production. 
 
Gene expression studies on both the Hereward and Avalon x Cadenza field 
experiments provided evidence for a set of seven genes that showed 
expression patterns correlating with leaf senescence: a WRKY transcription 
factor, a NAC transcription factor, two MYB transcription factors (MYBa and 
MYBb), a gene resembling Pi starvation-induced transcription factor 1 (PTF1), 
a gene similar to Golden-like 1 (GLK1), and an F-box protein. These 
correlations may be indicative of functional roles in leaf senescence, but they 
could also be direct or indirect consequences of senescence processes.  
 
The WRKY gene showed the most consistent strong increase in expression 
during leaf senescence (Figures 3.2.m and 3.13). Since various WRKY 
transcription factors have been shown to have a role in leaf senescence in 
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several plant species, or were at least up-regulated in expression (Hinderhofer 
and Zentgraf, 2001; Jing et al., 2009; Miao et al., 2004; Ricachenevsky et al., 
2010; Robatzek and Somssich, 2001; Ülker et al., 2007; Wu et al., 2008a; Zhou 
et al., 2011b), it is plausible the WRKY gene is involved in the regulation of 
leaf senescence in wheat.  
 
Another transcription factor family for which there is a significant body of 
evidence indicating a role in leaf senescence of both monocotyledonous and 
dicotyledonous plant species is the NAC family (Balazadeh et al., 2011; Chen 
et al., 2011b; Guo and Gan, 2006; Kim et al., 2009; Sperotto et al., 2009; Uauy 
et al., 2006b; Wu et al., 2012; Yang et al., 2011; Yoon et al., 2008). In all 
except one of these cases, expression of the NAC genes increased during 
senescence. In contrast, the expression of the NAC gene identified in the 
Hereward and Avalon x Cadenza field experiments decreased consistently 
during senescence (Figures 3.2.j and 3.10). This suggests that if this NAC gene 
is involved in senescence it would be as a negative regulator (inhibitor) of 
senescence, while nearly all the senescence-associated NAC genes described 
so far are positive regulators of senescence. It is therefore almost certainly a 
NAC gene that has not been described before, at least not in relation to 
senescence.  
 
The same is the case for at least one of the two MYB transcription factors. 
Only one MYB gene with a role in senescence has been identified so far: 
Arabidopsis MYBL is involved in promoting leaf senescence (Zhang et al., 
2011). The Avalon x Cadenza and Hereward gene expression studies revealed 
both a possible positive regulator of senescence (MYBa; Figures 3.2.g and 
3.14) and a negative regulator of senescence (MYBb; Figures 3.2.h and 3.11). 
 
The F-box protein showed an increase in expression during senescence in all 
tissues tested (Figures 3.2.e and 3.15). Interestingly, in the 2009/10 Avalon x 
Cadenza experiment its expression was also influenced by the genotype. F-
box proteins are part of the molecular machinery that targets specific 
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proteins for degradation by the 35S proteasome. It is attractive to think the F-
box gene is involved in breaking down an inhibitor of senescence, thereby 
promoting its progression. Examples of protein degradation genes involved in 
leaf senescence have been described before. ORE9 is an F-box protein that 
positively regulates leaf senescence in Arabidopsis (Woo et al., 2001). The 
DLS1 protein functions in the N-end rule pathway of protein degradation 
(Yoshida et al., 2002a). And the nla mutant, which is impaired in nitrogen-
limitation-mediated senescence, lacks the RING domain of a RING-type 
ubiquitin E3 ligase (Peng et al., 2007). 
 
The Pi starvation-induced transcription factor 1 (PTF1) like gene showed an 
increase in expression during senescence (Figures 3.2.k and 3.16). Expression 
of this gene also showed a relation to nitrogen availability, which is surprising 
since PTF1 so far has only been described in relation to phosphate limitation 
in wheat, maize and rice (Espindula, Minella and Delatorre, 2009; Li et al., 
2011; Yi et al., 2005). The mechanism seems to be alterations in sugar 
signalling and root morphology (Li et al., 2011). It is not immediately apparent 
why this gene would be up-regulated during leaf senescence. 
 
The Golden-like 1 (GLK1) like gene showed a decreasing expression in the 
Avalon x Cadenza experiment, and in both the Hereward and Avalon x 
Cadenza experiments 2008/9 expression was also higher at high nitrogen 
(Figures 3.2.f and 3.12). This is not unexpected since GLK1 and GLK2 are genes 
involved in regulation of photosynthesis and chloroplast development in 
maize, rice and Arabidopsis. glk1/glk2 double mutants have a pale green 
phenotype with smaller and rudimentary chloroplasts (Fitter et al., 2002), and 
constitutive expression of GLK1 and GLK2 enhances expression of light-
harvesting and chlorophyll biosynthesis genes (Waters et al., 2009b). 
Interestingly, GLK1 was found to be also a central component of the organic 
nitrogen signalling network (Gutiérrez et al., 2008).  
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Of the two Avalon x Cadenza field experiments, the 2009/10 experiment 
showed the biggest differences in leaf senescence. However, because 
senescence was so rapid, there were less time points available for gene 
expression analysis. This made it more difficult to assess expression patterns. 
The best example is probably the GLK1-like gene (Figure 3.12). This gene 
showed a complex expression pattern in Avalon x Cadenza 2008/9; first an 
increase in expression, and only after that a stronger decrease in expression. 
It is difficult to capture such an intricate expression pattern with only four 
time points, such as was available in the 2009/10 Avalon x Cadenza 
experiment.  
 
In summary, seven genes with a possible function in leaf senescence have 
been identified by screening field-grown wheat with differential leaf 
senescence patterns. Since grain nitrogen concentration and total nitrogen 
content did not differ between the two Avalon x Cadenza lines, it is 
questionable whether any of the identified genes are directly involved in 
nitrogen remobilisation. However, gene expression studies merely associate a 
gene with a process; they cannot distinguish between whether a gene has a 
functional role in leaf senescence or if its expression is an indirect 
consequence of senescence. To actually demonstrate the function of a gene it 
is necessary to study mutants or transgenic plants. With this objective the 
expression of the NAC and WRKY transcription factors was manipulated 
through a transgenics approach. This work is described in Chapters 5 and 6.  
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4. COMPARISON OF FAST-SENESCING AND STAY-GREEN 
MUTANTS OF WHEAT 
 
 
4.1 INTRODUCTION 
 
Extending the duration of photosynthesis is a possible means to increase total 
photosynthesis, biomass and grain yield in wheat (Richards, 2000). Total flag 
leaf photosynthesis, chlorophyll content, the onset of senescence (at low 
nitrogen availability) and green leaf duration have all been found to be 
positively correlated with wheat grain yield (Gaju et al., 2011; Kichey et al., 
2007; Wang et al., 2008). Although under optimal conditions wheat crops may 
not be limited by assimilate supply during grain-filling (Borrás et al., 2004), 
under abiotic stress grain yields may be limited by photosynthetic capacity, so 
extending the duration of photosynthesis may in these cases increase grain 
yield. One approach to achieve a longer photosynthetic period is the use of 
functional stay-green phenotypes, which show either delayed onset and / or a 
slower rate of senescence whilst maintaining photosynthetic activity (Thomas 
and Howarth, 2000).  
 
Stay-green phenotypes and broader genetic variation in leaf senescence have 
been described in wheat (Blake et al., 2007; Bogard et al., 2011; Chen et al., 
2011a; Chen et al., 2010; Christopher et al., 2008; Gong et al., 2005; Joshi et 
al., 2007; Li et al., 2012; Luo et al., 2006; Naruoka et al., 2012; Silva et al., 
2000; Spano et al., 2003; Verma et al., 2004; Vijayalakshmi et al., 2010). The 
stay-green trait has been reported to increase grain yields (Chen et al., 2010; 
Christopher et al., 2008; Gong et al., 2005; Luo et al., 2006; Spano et al., 
2003), and there were positive correlations with nitrogen use efficiency (Gaju 
et al., 2011), water use efficiency (Christopher et al., 2008; Górny and 
Garczyński, 2002), spot blotch resistance (Joshi et al., 2007) and grain yields 
under heat and drought (Naruoka et al., 2012). However, less favourable 
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effects also have been observed, such as a decreased harvest index (Gong et 
al., 2005), more nitrogen remaining in the straw (Chen et al., 2011a), and a 
reduced grain number per ear (Naruoka et al., 2012). These inconsistent 
phenotypes indicate the interaction of the stay-green trait with the 
environment is likely to be strong. 
 
The aims of the experiments reported in this chapter were:  
1. To identify stay-green and fast-senescing mutant lines of wheat. 
2. To assess senescence, yield characteristics and biomass and 
nitrogen distribution of these differential senescing lines. 
3. To assess the effects of nitrogen supply on the senescence 
phenotypes by studying the performance of fast-senescing and 
stay-green wheat lines. 
4. To assess patterns of expression of candidate regulatory genes of 
leaf senescence. 
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4.2 SCREENING OF A MUTANT POPULATION 
 
A field screening at the John Innes Centre identified EMS mutant lines of 
wheat cultivar Paragon that displayed a visual stay-green phenotype. In this 
project, 54 of these lines and the wild-type were screened in the glasshouse 
and the relative chlorophyll content and photosynthetic rate of the flag leaf 
were measured at two time points, independently of the developmental 
status of individual plants. The first time point was when the first plants were 
at anthesis, so all plants were fully green, and the second time point was six 
weeks later during the senescence phase. Highly significant differences in 
retention of photosynthesis and greenness were found (Figure 4.1.a and 
4.1.b; P<0.001), and maintenance of greenness and photosynthesis were 
correlated significantly with one another (Figure 4.1.c; P<0.001).  
 
The selection of candidate lines was focused on the photosynthetic rate, since 
only lines that maintain photosynthesis longer than others can be considered 
functionally stay-green. Lines with similar anthesis dates were chosen since 
they would have been in a similar developmental stage and will have 
experienced similar environmental conditions. For further detailed studies of 
senescence six lines were selected (Figure 4.1.a): wild-type (WT), three lines 
that maintained over 60% of their photosynthesis (stay-green 1-3) and two 
fast-senescing lines (fast-senescing 1 and 2) that had less than 25% of their 
original capacity left after a senescence period of six weeks. The selected lines 
showed similar differences in greenness (Figure 4.1.b). 
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Figure 4.1: Relative maintenance of photosynthesis (a) and relative 
chlorophyll content (b) of the flag leaf as a function of anthesis date, and 
relationship between relative maintenance of relative chlorophyll content 
and photosynthesis (c) of a population of mutant wheat lines after a six-
week senescence period. The first measurement was done between heading 
and anthesis, when the plants were green (same date for all plants 
irrespectively of developmental stage), and the second measurement six 
weeks later during senescence. Relative performance values were plotted 
against anthesis date to correct for differences in developmental stage. The 
lines used for further experiments are marked: three stay-green lines (green, 
SG1-3), two fast-senescing lines (blue, FS1-2) and wild-type (black, WT). Data 
points are the means of four replicate pots (five plants/pot). (c) y = 0.7567x + 
0.3086; R2 = 0.3421; P<0.001. Figure adapted from Derkx et al. (2012).  
0%
10%
20%
30%
40%
50%
60%
70%
23-3 28-3 02-4 07-4 12-4 17-4 22-4 27-4
R
e
la
ti
ve
 p
h
o
to
sy
n
th
e
si
s 
Anthesis date 
SG2 SG1 
FS1 
FS2 
SG3 
WT 
a 
R² = 0,3421 
0%
10%
20%
30%
40%
50%
60%
70%
0% 20% 40% 60% 80% 100% 120% 140%
R
el
at
iv
e 
p
h
o
to
sy
n
th
es
is
 
Relative SPAD 
SG3 
SG2 
SG1 
WT WT 
FS1 
FS2 
c 
0%
20%
40%
60%
80%
100%
120%
23-3 28-3 02-4 07-4 12-4 17-4 22-4 27-4
R
e
la
ti
ve
 S
P
A
D
 
Anthesis date 
SG3 
SG2 
SG1 
WT 
FS1 
FS2 
b 
WT 
4. STAY-GREEN MUTANTS 
 
91 
 
4.3 CHARACTERISATION OF STAY-GREEN AND FAST-SENESCING 
LINES 
 
4.3.1 Flag Leaf Senescence 
The post-anthesis senescence process of the six selected lines was studied in 
further detail. Relative chlorophyll content (SPAD) and chlorophyll 
fluorescence (quantum yield = FV’/FM’) of flag leaves of main shoots were 
measured at anthesis (Zadoks growth stage 61; (Zadoks et al., 1974)), weekly 
from 14 days post-anthesis (dpa) until 42 dpa, and at physiological maturity 
(GS89). At 42 dpa the flag leaves were photographed to visualise differences 
in senescence (Figure 4.2.a).  
 
Relative chlorophyll content declined slower in the stay-green lines (Figure 
4.2.b). ANOVA analysis revealed a significant interaction between line and 
time (P<0.01) as well as a significant effect of line (P<0.01), the latter mainly 
driven by SG3. At 42 dpa lines SG1 and SG3 differed significantly from FS2. At 
physiological maturity lines SG2 and SG3 retained significantly more 
chlorophyll than the other lines, while SG1 lost its chlorophyll in a fast rate 
between 42 dpa and maturity. 
 
Comparison of quantum yield data revealed similar differences (Figure 4.2.c): 
both an effect of line (P<0.001) and an interaction between line and time 
(P<0.001) was found. Lines SG1 and SG3 had significantly higher FV’/FM’ values 
than lines FS2 and WT over the entire senescence period. At 42 dpa the three 
stay-green lines SG1, SG2 and SG3 had lost less of their photochemical 
capacity, a difference that remained until physiological maturity (except for 
an unexpectedly high value of FS1 when considering its chlorophyll loss). 
 
Overall, these results show that lines SG1, SG2 and SG3 are functional stay-
green mutants and FS1 and FS2 fast-senescing mutants.  
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Figure 4.2: The progression of flag leaf senescence in selected mutant wheat 
lines. (a) Flag leaves 42 days post-anthesis of FS2 (fast senescing), WT (wild-
type), and SG1 and SG3 (stay-green) respectively. (b) Relative chlorophyll 
content as determined with a SPAD meter. LSD = 7.16. (c) Quantum yield (QY 
= FV’/FM’), which is a measurement of Photosystem II maximum efficiency, as 
determined with a handheld chlorophyll fluorescence meter. LSD = 0.120. 
Data are means ± SE of four replicate pots (five plants/pot). Figure from Derkx 
et al. (2012). 
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4.3.2 Yield Characteristics 
Grain yield differed significantly between lines (P<0.001). Wild-type had a 
significantly higher grain yield than all the other lines, and lines SG2 and SG3 
had in turn a higher grain yield than lines FS1 and FS2 (Figure 4.3.a). The lines 
with the highest grain yield had the lowest thousand grain weights (P<0.001; 
Figure 4.3.b). The number of shoots differed significantly between the lines 
(P<0.001; Figure 4.3.c), but there was no relationship with grain yield; so the 
differences in grain yield must have been due to differences in grain number. 
 
 
 
 
 
 
Figure 4.3: Yield characteristics of selected mutant wheat lines. (a) Grain 
yield per pot (28 replicates + SE), corrected for number of plants/pot. (b) 
Thousand grain weight (three replicates of pooled grain + SE). (c) Average 
number of shoots per pot (four replicates + SE). FS1 has a low tiller number 
due to a higher death rate, which resulted in less plants/pot. Letters indicate 
significant differences at the 0.05 level as determined by using the LSD. 
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4.3.3 Biomass Accumulation and Allocation 
A functional stay-green phenotype should result in prolonged photosynthetic 
production and consequently a higher accumulation of biomass. To test this 
hypothesis, main shoots were partitioned into different tissues (flag leaf, rest 
of the leaves, stem, sheath, and ear), and their dry weights were compared at 
anthesis and at physiological maturity (Figures 4.4 and 4.5; Table 4.1).  
 
The grain yields of the main shoots gave roughly the same pattern as grain 
yields of whole plants (4.3.a and 4.4.b): the fast-senescing lines FS1 and FS2 
had the lowest grain yields; the stay-green lines SG1, SG2 and SG3 had higher 
yields; whilst wild-type had a significantly higher grain yield than all other 
lines (P<0.01). The only exception was SG2, which had a higher grain yield 
than SG3 for the main shoot, while at the whole plant level their grain yields 
were very similar.  
 
The total biomass of the three stay-green lines was different. SG3 had a 
significantly lower total biomass than any other line both at anthesis and 
maturity, SG1 had the highest biomass of all lines, while SG2 was of average 
weight (Figure 4.4; P<0.001). While plants of SG1 were the largest at anthesis 
and still at maturity (Figure 4.4), the total increase in biomass was only 33%, 
compared to around 50% for the other two stay-green lines, FS1 and wild-
type (Table 4.1; differences not significant; LSD = 29.4%). The relative 
allocation of dry matter to the grain was very low in SG1 compared to all the 
other lines (Figure 4.5.b; Table 4.1). On the other hand, SG3 had a low 
biomass at maturity, yet it had a high relative grain mass and was overall 
higher yielding than all other lines except WT (Figures 4.3.a and 4.5). 
 
Post-anthesis stem dry mass decreases ranged from 15% to 39% and sheath 
mass from 1% to 16% (Table 4.1), without any clear pattern relating to the 
senescence phenotypes of the lines. Dry weights of the flag leaf and other 
leaves differed according to the senescence phenotype. Fast-senescing lines 
FS1 and FS2 showed a relatively bigger post-anthesis decrease in flag leaf 
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mass but a limited decrease in dry matter of the other leaves, while the stay-
green lines SG1, SG2 and SG3 showed the opposite pattern (Table 4.1). There 
was a large decrease in dry mass in all leaves of wild-type.  
 
In summary, there was no direct relationship between the rate of senescence 
and total biomass accumulation and its allocation to different plant tissues. 
There appeared to be a relationship between post-anthesis decrease in leaf 
dry matter and increase in grain yield, but this had no direct association with 
the leaf senescence phenotype. 
 
 
 
 
Table 4.1: Relative changes (%) in dry weight of different plant tissues 
of main shoots of selected mutant wheat lines between anthesis and 
maturity. The “rest leaves” fraction does not include the flag leaf and is 
incomplete at maturity; the ear fraction includes the grain. Data are 
based on the means of four replicate pots (five plants/pot) at anthesis 
and physiological maturity. 
 
 
Line Flag 
Leaf 
Rest 
Leaves 
Sheath Stem Ear Whole 
Shoot 
FS1 -10% -16% -1% 37% 243% 45% 
FS2 -25% -24% -14% 15% 207% 31% 
SG1 -5% -52% -12% 33% 151% 33% 
SG2 -5% -36% -3% 39% 294% 56% 
SG3 -9% -33% -10% 32% 291% 54% 
WT -20% -58% -16% 29% 319% 53% 
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Figure 4.4: Biomass accumulation (g) of tissues of the main shoot of selected 
mutant wheat lines at anthesis (a) and physiological maturity (b). The leaves 
fraction does not include the flag leaf and is incomplete at maturity. LSDs: 
FL=0.25, L=0.44, Sh=0.36, St=1.08, E/Ch=0.63, Gr=1.33, T=2.35. Data are 
means + SE of four replicate pots (five plants/pot). Statistical analysis was 
performed per tissue but encompassing both time points. 
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Figure 4.5: Biomass partitioning between tissues of the main shoot of 
selected mutant wheat lines at anthesis (a) and physiological maturity (b). 
The leaves fraction does not include the flag leaf and is incomplete at 
maturity. LSDs: FL=0.25, L=0.44, Sh=0.36, St=1.08, E/Ch=0.63, Gr=1.33, 
T=2.35. Data are means of four replicate pots (five plants/pot). Statistical 
analysis was performed per tissue but encompassing both time points. 
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4.3.4 Nitrogen Accumulation and Allocation 
A key process during grain-filling is nitrogen remobilisation from the canopy 
to the grain. Therefore the nitrogen concentrations of different plant parts of 
the main shoot were compared at anthesis and at physiological maturity. 
Since the dry weights were known already (Figure 4.4) the total nitrogen 
content could be calculated and therefore the net amount of nitrogen 
remobilised from and to these tissues could be determined. 
 
There were significant differences in grain nitrogen concentration between 
the lines (P<0.01): the nitrogen concentration was the highest in the fast-
senescing low-yielding lines FS1 and FS2 and the lowest in WT (Figure 4.6.b). 
The differences in total nitrogen contents of the grain were highly significant 
(P<0.001; Figure 4.7.b), but there was no association with either senescence 
phenotype or grain yield.  
 
Total nitrogen contents of the flag leaves were significantly different between 
anthesis and maturity (P<0.001) but not between lines, while that of the 
lower leaves differed between times and lines (P<0.01). N content was 
reduced more in WT than all three stay-green lines, both in absolute and 
relative sense (Figure 4.8; not significant). This was because the final nitrogen 
concentration of wild-type flag leaves was lowest (Figure 4.6.b). The total 
nitrogen content of the lower leaves varied at anthesis but showed a trend at 
maturity: the fast-senescing lines FS1 and FS2 retained most nitrogen in the 
leaves, the stay-green lines SG1, SG2 and SG3 retained less, whilst WT had the 
lowest leaf total N content at maturity (Figure 4.7.b). So total N content of the 
lower leaves at maturity showed a negative association with grain yield.  
 
There were some significant differences between lines in leaf sheath, stem 
and ear nitrogen concentrations. The N content mostly followed the pattern 
of the differences in biomass (Figures 4.4 and 4.7) and differences and 
changes in biomass seemed mostly driven by plant-size, not senescence 
characteristics.  
4. STAY-GREEN MUTANTS 
 
99 
 
 
 
Figure 4.6: Nitrogen concentration (% dry matter) of different tissues of the 
main shoot of selected mutant wheat lines at anthesis (a) and physiological 
maturity (b). The leaves fraction does not include the flag leaf and is 
incomplete at maturity; the ear fraction (chaff) at maturity is missing. LSDs: 
FL=0.440, L=0.507, St=0.425, Sh=0.296, E=0.112, Gr=0.305. Data are means + 
SE of four replicate pots (five plants/pot). Statistical analysis was performed 
per tissue but encompassing both time points. 
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Figure 4.7: Total nitrogen content (mg) of different tissues of the main shoot 
of selected mutant wheat lines at anthesis (a) and physiological maturity 
(b). Total N content = %N x dry weight. LSDs: FL=1.629, L=1.698, St= 2.454, 
Sh=0.676, E=0.553, Gr=3.045. The leaves fraction does not include the flag 
leaf and is incomplete at maturity; the ear fraction (chaff) at maturity is 
missing. Data are means + SE of four replicate pots (five plants/pot). Statistical 
analysis was performed per tissue but encompassing both time points. 
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Figure 4.8: Absolute (a) and relative (b) change in total nitrogen content of 
different tissues of the main shoot of selected mutant wheat lines between 
anthesis and physiological maturity. Total N content = %N x dry weight. The 
leaves fraction does not include the flag leaf and is incomplete at maturity. 
The ear fraction (chaff) at maturity is missing, so therefore the change in total 
N content could not be calculated. LSDs (a and b respectively): FL=0.014 and 
0.162, L=0.680 and 0.214, St=0.030 and 0.284, Sh=0.354 and 0.112. Data are 
means + SE of four replicate pots per time point (five plants/pot). Statistical 
analysis was performed per tissue but encompassing both time points. 
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4.4 NITROGEN NUTRITION EXPERIMENT 
 
4.4.1 Experimental Design 
In the experiment described above, mutant lines SG1, SG2 and SG3 displayed 
a stay-green phenotype. Yet these stay-green lines were not able to 
accumulate more biomass or realise higher grain yields, at least under the 
optimal growth conditions used. To examine this further the lines were 
compared under different nitrogen conditions. Two N levels were used: a 
“high” N treatment, which was about five times lower than used in the 
previous experiment but was sufficient to grow green tillering plants; and a 
“low” N treatment which contained 10% of the nitrogen of the high N 
treatment and resulted in lighter green coloured plants that scarcely tillered 
(Figure 4.9). Three lines were compared: fast-senescing line FS2, stay-green 
line SG3, and WT. 
 
 
 
Figure 4.9: The nitrogen nutrition experiment, in which three mutant lines 
of wheat with different senescence patterns were grown under high and 
low nitrogen nutrition. The plants grown under high N (dark green) are easily 
distinguishable from those grown under low N (light green). The picture was 
taken six weeks after sowing.  
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4.4.2 Senescence 
 
4.4.2.1 Flag Leaf Senescence 
The post-anthesis senescence process of the flag leaves of the three lines 
under two nitrogen levels was studied by measuring the relative chlorophyll 
content (SPAD) and maximum photosystem II efficiency (quantum yield = 
FV’/FM’) of flag leaves of main shoots (Figure 4.10). The flag leaves of the 
plants grown under low nitrogen started senescing about two weeks earlier 
than those grown under high nitrogen. At 21 dpa the flag leaves of the low N 
treatment already had lost most chlorophyll and the photosystem II efficiency 
had gone down significantly (P<0.001), while flag leaves of the high N 
treatment had barely started senescing. FS2, which had senesced the fastest 
in the first experiment, senesced significantly earlier under both low and high 
N conditions (P<0.001). SG3 and WT senesced at the same rate at high N, 
while at low N SG3 started senescing before the wild-type.  
 
4.4.4.2 Canopy Senescence 
To determine if the senescence of the flag leaf is representative of 
senescence of the whole plant, the senescence of the whole pot (five 
plants/pot) was evaluated by measuring NDVI with a crop canopy sensor 
(Section 2.3.4). Results showed that SG3 was greener under high N conditions 
roughly between one and two weeks post-anthesis (Figure 4.11). SG3 was 
also the greenest under low N conditions, but this difference was much 
smaller. A higher NDVI may be the result of greener leaves or more leaves, 
depending whether there was a full or partial canopy cover. SG3 had more 
tillers (Figure 4.12.a) and therefore possibly more leaves. However, this was 
not necessarily the case since SG3 was shorter in height (Figure 4.12.b). If this 
was caused by a lower number of internodes, the number of leaves should be 
equal and the leaves of SG3 therefore greener than those of the other lines. 
The limited perceived differences in senescence at low N might be caused by 
insufficient canopy cover, caused by lack of tillers (Figure 4.12.a), to make 
useful measurements and not by actual differences in canopy senescence. 
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Figure 4.10: The progression of flag leaf senescence in selected mutant 
wheat lines grown under high and low nitrogen nutrition (open and closed 
symbols respectively).  (a) Relative chlorophyll content as determined with a 
SPAD meter. LSD = 8.457. (b) Quantum yield (FV’/FM’), as determined by a 
handheld chlorophyll fluorescence meter, which is a measurement of 
photosystem II maximum efficiency. LSD = 0.1560. Data are means ± SE of 
four replicate pots (five plants/pot). 
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Figure 4.11: Progression of senescence of whole pots of selected mutant 
wheat lines grown under high and low nitrogen nutrition (open and closed 
symbols respectively). Measurements were done with a Crop Canopy Sensor. 
Measurements were done once a week; the graph is corrected for the 
different anthesis dates of the pots. NDVI = Normalised Difference Vegetation 
Index. LSD = 0.0714. Data are means ± SE of four replicate pots (five 
plants/pot). Figure from Derkx et al. (2012). 
 
 
 
 
 
Figure 4.12: The number of shoots per pot (a) and the height in cm (b) of 
selected mutant wheat lines grown under low and high nitrogen nutrition. 
Data are means + SE of four replicate pots (five plants/pot). Letters indicate 
significant differences at the 0.05 level as determined by the LSD. Panel (a) 
was adapted from Derkx et al. (2012). 
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Figure 4.13: Yield parameters of selected mutant wheat lines grown under 
low and high nitrogen nutrition. (a) Grain yield (g) per pot (five plants/pot). 
Data are means + SE of 20 replicate pots (five plants/pot). (b) Harvest Index. 
Data are means + SE of 20 replicate pots (five plants/pot). (c) Number of 
grains per 25 plants. Data are means + SE of four replicate blocks. (d) 
Thousand Grain Weight (g). Data are means + SE of four replicate blocks. 
Letters indicate significant differences at the 0.05 level as determined by 
using the LSD. Figure adapted from Derkx et al. (2012). 
 
 
 
Figure 4.14: Relationship between aboveground biomass with grain yield of 
selected mutant wheat lines grown under low and high nitrogen nutrition. 
Data points correspond to the biomass and grain yield of all 120 pots (five 
plants/pot). y = 0.5033x - 1.2802; R2 = 0.9905, P<0.001. 
0
5
10
15
20
25
30
35
0 20 40 60 80
G
ra
in
 y
ie
ld
 (
g)
 
Aboveground biomass (g) 
FS2 low N
SG3 low N
WT low N
FS2 high N
SG3 high N
WT high N
R² = 0.9905 
d 
b 
c 
a 
c 
a 
0
10
20
30
40
Low N High NG
ra
in
 y
ie
ld
 /
 p
o
t 
(g
) 
a 
d 
b 
c 
a 
c 
a 
0,30
0,40
0,50
0,60
Low N High N
H
ar
ve
st
 in
d
e
x 
b 
e 
b 
c 
a 
d 
b 
0
1000
2000
3000
4000
Low N High N
# 
o
f 
gr
ai
n
s 
/ 
b
lo
ck
 
c 
b 
b b b 
a 
a 
30,0
35,0
40,0
45,0
Low N High N   
10
00
 g
ra
in
 w
e
ig
h
t 
(g
) 
d 
FS2
SG3
WT
4. STAY-GREEN MUTANTS 
 
107 
 
4.4.3 Yield Characteristics 
Grain yield was significantly different between lines and nitrogen levels (both 
P<0.001) but there was no interaction. Yield under low N nutrition was about 
a fifth of that under high N. FS2 had a significantly lower grain yield than SG3 
and WT under both N conditions (Figure 4.13.a), suggesting early senescence 
resulted in lower grain yields. The harvest index showed a similar pattern 
(Figure 4.13.b). 
 
Under optimal conditions WT had the lowest thousand grain weight (TGW) 
(Figure 4.3.b). Yet in this experiment wild-type had a significantly higher TGW 
under both N levels (P<0.001; Figure 4.13.d). The grain number of SG3 was 
significantly higher than that of WT, whilst the grain number of FS2 was 
significantly lower than that of WT (Figure 4.13.c; P<0.001). So in this 
experiment lines SG3 and WT had similar grain yields, but their grain yields 
were driven by different yield components: grain number and TGW 
respectively. Another important factor appeared to be total biomass, which 
was strongly correlated with grain yield (Figure 4.14; P<0.001). 
 
4.4.4 Biomass Accumulation and Allocation 
Plants grown under low N accumulated significantly less biomass than plants 
grown under high N conditions (Figure 4.15; P<0.001). Not only had plants 
already a lower biomass at anthesis under low N supply, but because all the 
leaves of these plants were almost completely senesced at 21 dpa (Figure 
4.10), there was little photosynthetic production to sustain plant growth. 
Therefore the post-anthesis biomass gain of low N plants was significantly 
smaller than that of high N plants (Figure 4.21.a; P<0.05).  
 
Under low N nutrition there were no significant differences in biomass of the 
main shoot between the lines. WT shoots gained more biomass in the first 
two weeks post-anthesis, but lines FS2 and SG3 made up this difference later. 
Under high N, WT shoots accumulated significantly more biomass than lines 
FS2 and SG3 (Figure 4.15). FS2 probably had a lower biomass because of its 
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accelerated senescence, whilst in the case of SG3 its lower biomass could be 
explained by its limited height (Figure 4.12.b). There were no significant 
differences between the lines in absolute and relative post-anthesis biomass 
gains; although FS2 added the least biomass under both N levels (Figure 4.21). 
 
Any increase in total biomass between anthesis and maturity is generally 
attributable to grain-filling since other plant tissues generally lose biomass. 
Indeed the patterns of ear and total biomass development were very similar 
(Figures 4.15, 4.16.a and 4.21.a). However, when looking at the relative size of 
the ear, hence correcting for differences in size, SG3 had the biggest ears 
under both nitrogen levels (Figure 4.16.b; P<0.001), and the post-anthesis 
biomass gain of the ears was similar to that of WT (Figure 4.21). For its size 
FS2 had proportionally small ears, especially under high N when it did not 
outperform plants grown under a low nitrogen regime (Figure 4.16.b). The 
post-anthesis biomass gain of the ear of FS2 was low as well (Figure 4.21.b).  
 
The flag leaf biomass of plants grown at high N was significantly higher than 
that of plants grown at low N (Figure 4.17.a; P<0.001), but there were no 
significant differences between the lines. The change in flag leaf biomass also 
only differed between N levels (P<0.01) and not between lines (Figure 4.21). 
However, there were significant differences in relative flag leaf biomass 
between the lines and also significant interactions with both nitrogen and 
time (all P<0.001). At high N, SG3 had allocated about twice as much of its 
biomass to the flag leaf as WT at anthesis, and although the proportion 
dropped, it stayed the highest throughout development (Figure 4.17.b). At 
low N, all lines started with equal dry mass allocations to the flag leaf, but at 
maturity FS2 retained more dry mass in the flag leaf than the other lines, both 
in absolute and relative terms (Figures 4.17 and 4.21). 
 
The situation was quite different for the other leaves (Figure 4.18). There 
were highly significant differences (P<0.001) between lines and N levels and 
these factors interacted (also with time). At anthesis, the plants grown under 
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high N had significantly higher leaf biomass, while at maturity the relative leaf 
biomass was determined by line and not N level (Figure 4.18.b). Lower leaves 
of SG3 had a significantly lower dry weight than FS2 and WT under both 
nitrogen levels, both in absolute and relative terms (Figure 4.18), which is in 
contrast to the findings for the flag leaf, especially at high N (Figure 4.17). 
However, the relative change in leaf biomass of SG3 was similar to that of WT 
(Figure 4.21.b). FS2 had significantly higher leaf dry mass at maturity at both 
high and low N (Figure 4.18), losing relatively little leaf biomass post-anthesis 
(Figure 4.21.b; P<0.05), which indicates that fast senescence was not related 
to leaf biomass. Under high N nutrition WT had a high leaf biomass at 
anthesis, but this was already reduced to average by 21 dpa (Figure 4.18.a). 
Its post-anthesis biomass change was therefore significantly greater (Figure 
4.21.a; P<0.05) 
 
The stem was the only vegetative tissue that first increased in biomass before 
decreasing again to get back to roughly the original biomass levels at 
maturity, and this process was clearly related to the developmental stage, as 
the stem biomass of fast-senescing low N plants was already going down as 
that of high N plants was still increasing (Figure 4.19). This indicates the stem 
functioned as a temporary storage tissue. WT had significantly higher stem 
biomass than SG3 throughout development (Figure 4.19.a). Low N plants had 
relatively more biomass allocated to stems than plants grown under high N 
(Figure 4.19.b; P<0.001). 
 
At high N, the sheath biomass of SG3 was significantly lower than that of FS2 
and wild-type throughout development (Figure 4.20.a). Yet for relative sheath 
dry weight the main difference was found at maturity between N levels: the 
low N plants retained significantly more sheath dry weight than plants grown 
under high N conditions (Figure 4.20.b). The sheath biomass of WT at high N 
was high at anthesis but average at maturity (Figure 20.a) and therefore 
showed the largest decrease (Figure 4.21.a; P<0.05). 
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Figure 4.15: Post-anthesis dry weight (g) development of two main shoots of 
selected mutant wheat lines grown under high and low nitrogen nutrition 
(open and closed symbols respectively). LSD = 1.522. Data are means ± SE of 
four replicate pots (five plants/pot) of which two main shoots were 
harvested. 
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Figure 4.16: Post-anthesis ear dry weight development of main shoots of 
selected mutant wheat lines grown under high and low nitrogen nutrition 
(open and closed symbols respectively). (a) Absolute dry weight (g). LSD = 
0.8837. (b) Dry weight as fraction of total shoot dry weight. LSD = 0.04586. 
The ear consists of the developing grain and surrounding tissues (chaff). Data 
are means ± SE of four replicate pots (five plants/pot) of which two main 
shoots were harvested. 
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Figure 4.17: Post-anthesis flag leaf dry weight development of main shoots 
of selected mutant wheat lines grown under high and low nitrogen nutrition 
(open and closed symbols respectively). (a) Absolute dry weight (g). LSD = 
0.07824. (b) Dry weight as fraction of total shoot dry weight. LSD = 0.007937. 
Data are means ± SE of four replicate pots (five plants/pot) of which two main 
shoots were harvested. 
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Figure 4.18: Post-anthesis dry weight development of the lower leaves of 
main shoots of selected mutant wheat lines grown under high and low 
nitrogen nutrition (open and closed symbols respectively).  (a) Absolute dry 
weight (g). LSD = 0.1291. (b) Dry weight as fraction of total shoot dry weight. 
LSD = 0.01237. Fraction includes all leaves except the flag leaf. Data are 
means ± SE of four replicate pots (five plants/pot) of which two main shoots 
were harvested. 
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Figure 4.19: Post-anthesis stem dry weight development of main shoots of 
selected mutant wheat lines grown under high and low nitrogen nutrition 
(open and closed symbols respectively). (a) Absolute dry weight (g). LSD = 
0.6372. (b) Dry weight as fraction of total shoot dry weight. LSD = 0.03337. 
Data are means ± SE of four replicate pots (five plants/pot) of which two main 
shoots were harvested. 
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Figure 4.20: Post-anthesis sheath dry weight development of main shoots of 
selected mutant wheat lines grown under high and low nitrogen nutrition 
(open and closed symbols respectively). (a) Absolute dry weight (g). LSD = 
0.1724. (b) Dry weight as fraction of total shoot dry weight. LSD = 0.01133. 
Data are means ± SE of four replicate pots (five plants/pot) of which two main 
shoots were harvested. 
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Figure 4.21: Absolute (a) and relative (b) post-anthesis change in dry weight 
of tissues of main shoots of selected mutant wheat lines grown under high 
and low nitrogen nutrition. LSDs (a and b respectively): FL = 0.121 and 
40.24%, L = 0.201 and 18.98%, St = 0.911 and 32.93%, Sh = 0.260 and 21.16%, 
E = 1.232 and 198.55%, WS = 2.387 and 51.77%. The ear consists of the 
developing grain and surrounding tissues (chaff). Data are means ± SE of four 
replicate pots per time point (five plants/pot) of which two main shoots were 
harvested.  
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4.4.5 Nitrogen Accumulation and Allocation 
The nitrogen concentration of the total grain differed significantly between 
lines and between N levels (P<0.001). The N concentration in grain of WT was 
significantly lower than that of the other two lines, while as one would expect 
the N concentration was higher in the plants supplied with more nitrogen 
(Figure 4.22.a). For grain total nitrogen content there was a significant 
interaction between N level and line (P<0.05). While there was no difference 
in grain N content between the lines grown at low N, SG3 had a higher grain 
nitrogen content at high N nutrition (Figure 4.22.b). The difference between N 
levels was 4- to 5-fold and highly significant (P<0.001). 
 
Grain N concentration did not correlate significantly with grain yield at either 
N level (Figure 4.23) However, for similar grain yields SG3 reached higher and 
WT lower grain N concentrations than average at both N levels (Figure 4.23).  
 
The results for grain N were somewhat different for the grain from just the 
main shoots. As expected, the high N plants had a significantly higher grain N 
concentration (P<0.001; Figure 4.24.b). However, grain total N content of SG3 
at high N was significantly lower for the main shoots (P<0.05; Figure 4.25.b) 
compared to a higher total N content in total grain (Figure 4.22.b). This 
discrepancy can be explained by the fact that SG3 had relatively small ears 
(Figure 4.16.a), so individual ears will have a lower N content because the dry 
weight was lower, but the larger number of ears resulted in a high total grain 
yield (Figures 4.12.a and 4.13.a) and therefore a high grain total N content.  
 
On the other hand, because SG3 had shorter shoots (Figure 4.12.b), its 
nitrogen harvest index (NHI) was not lower than that of WT, while the NHI of 
FS2 was significantly lower at both N levels (Figure 4.26; P<0.01). SG3 was the 
only line maintaining its NHI at low N, while the NHI of FS2 and WT were 
significantly lower at low N (Figure 4.26; P<0.01). 
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All other tissues showed highly significant differences in nitrogen 
concentration and total N content between N levels (low N < high N) and 
between anthesis and maturity, as well as a highly significant interaction 
between the two (all P<0.001; Figures 4.24.a, 4.24.b and 4.25). The absolute 
change between plants grown at high and low N was also significantly 
different (Figures 4.24.c and 4.27.a). So plants grown at high nitrogen 
remobilised more N from all vegetative tissues, presumably to the grain. 
 
The flag leaves and sheaths of FS2 had a significantly higher N concentration 
than those of SG3 and wild-type (Figures 4.24.a and 4.24.b; P<0.001). The 
lower leaves and stem showed a similar trend but the difference between 
lines was not significant. The decrease in nitrogen concentration of these four 
tissues only differed significantly between N levels (P<0.001) but not lines 
(Figure 4.24.c), suggesting that the post-anthesis decrease in N concentration 
was ‘set’ and that the differences in N concentration between lines at 
maturity were determined by the starting nitrogen concentration at anthesis.  
 
For the lower leaves there was a clear difference in total nitrogen content 
between the lines at different N levels and times (P=0.018). At low N the lines 
showed no difference at anthesis, but at maturity the total N content of FS2 
was significantly higher. At anthesis under high N conditions SG3 had a 
significantly lower total N content than FS2, which had a significantly lower N 
content than wild-type, while at maturity there was no difference. In fact 
there were no differences between the plants grown at different N levels at 
maturity, and this was also the case for the flag leaf total N content (Figure 
4.25; P<0.001). Consequently, plants grown at high nitrogen remobilised 
more N from all leaves (Figure 4.27.a). This was also the case for the relative 
decrease, but FS2 remobilised significantly less N from all leaves than SG3 and 
wild-type (Figure 4.27.b; P<0.001). 
 
The total N contents in stems and sheath of SG3 were significantly lower than 
that of FS2 and WT at anthesis but not at maturity (Figure 4.25; P<0.01), 
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meaning that the total remobilisation of N from these tissues was significantly 
lower too (Figure 4.27.a; P<0.01). However, this must have been influenced 
by the small size of SG3 since the relative change in total N content was not 
different between the lines (Figure 4.27.b). The relative change in total N 
content was significantly different between plants grown at different N levels 
in sheaths but not in stems (Figure 4.27.b). 
 
At anthesis at high N FS2 had a significantly higher ear nitrogen concentration 
than wild-type, which in turn had a higher N concentration than SG3 (Figure 
4.24.a; P=0.035). There was no difference between the lines grown at low N. 
At maturity there were significant differences, but not within a line or N level 
(Figure 4.24.b). The decrease in N concentration of SG3 at high N was lower 
than the decrease in FS2 and wild-type, while the change in plants grown at 
low N was even smaller but there was no difference between the lines (Figure 
4.24.c; P=0.017)). The total N content of SG3 at high N was lower at anthesis, 
while at high N there was no difference (Figure 4.25). The results for total N 
content (change) were comparable and significant (Figures 4.25 and 4.27.a). 
There were no significant differences in the relative change in N content 
(Figure 4.27.b). 
 
The total N content of the whole shoot (sum of all tissues) increased between 
anthesis and maturity (Figure 4.27.c; P<0.001). At low N there were no 
differences between the lines, while at high N SG3 had a lower total N 
content than FS2 and wild-type (Figure 4.25; P<0.001). There was no 
significant difference in either the absolute or relative change between either 
lines or N levels (Figure 4.27.c and d), suggesting that post-anthesis N uptake 
was comparable as well. However, it must be noted that no nitrogen was 
applied post-anthesis, so at this stage the high N plants might not have had 
access to more N than the low N plants.  
 
Most nitrogen, between 77.7 and 88.0%, ended up in the grain (Figure 
4.28.b). FS2 was less able to use the nitrogen available in the shoot for grain-
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filling at both N levels (P<0.001). At low N SG3 and WT allocated the same 
proportion of nitrogen to the grain, while at high N wild-type allocated more 
to the grain than SG3 (P<0.01). SG3 was the only line in which the proportion 
of N allocated to the grain was not significantly lower at low N compared to 
high N supply (P<0.01).  
 
As a result of grain growth, all other tissues showed a highly significant 
decrease in proportion of N allocated to them (Figure 4.28; P<0.001). Flag 
leaf, other leaves, stem and ear all showed a significant interaction between 
N level and time (P<0.01): plants grown at high N supply had allocated 
significantly more N to leaves and flag leaf and less to stem and ear at 
anthesis than plants grown at low N, while there was no difference at 
maturity. The N allocated to sheaths only differed between lines: SG3 
invested relatively less N in sheaths than FS2 (P<0.001). 
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Figure 4.22: Total grain nitrogen concentration (a) and total grain nitrogen 
content (b) of selected mutant wheat lines grown under high and low 
nitrogen nutrition. Letters indicate significant differences at the 0.05 level as 
determined using the LSD. Data are means + SE of four replicate blocks (five 
pots, each containing five plants). Figure adapted from Derkx et al. (2012). 
 
 
 
 
 
Figure 4.23: Relationship between grain yield and grain nitrogen 
concentration of selected mutant wheat lines grown under high (dashed 
line) and low (solid line) nitrogen nutrition. Data points are means per 
replicate block (five pots, each containing five plants).   
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Figure 4.24: Nitrogen concentration (% DM) of tissues of main shoots at 
anthesis (a) and physiological maturity (b) and the difference in nitrogen 
concentration between anthesis and maturity (c) of selected mutant wheat 
lines grown under high and low nitrogen nutrition. LSDs (a/b and c): FL = 
0.5010 and 0.6759, L = 0.3345 and 0.4865, St = 0.1417 and 0.2154, Sh = 
0.1068 and 0.1691, E = 0.1233 and 0.1515, Gr = 0.1538. Data are means + or - 
SE of four replicate pots per time point (five plants/pot) of which two main 
shoots were harvested. Statistical analysis for (a) and (b) was performed per 
tissue but encompassing both time points. 
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Figure 4.25: Total nitrogen content (mg) of tissues of main shoots at 
anthesis (a) and physiological maturity (b) of selected mutant wheat lines 
grown under high and low nitrogen nutrition. Dark colours = low N, light 
colours = high N. Total N content = dry weight x %N. LSDs: FL = 0.3091, L = 
0.4274, St = 0.2474, Sh = 0.1007, E = 0.2967, Gr = 1.3018, whole shoot = 
1.4736. Data are means + SE of four replicate pots (five plants/pot) of which 
two main shoots were harvested. Statistical analysis was performed per tissue 
but encompassing both time points. 
 
 
 
 
Figure 4.26:  Nitrogen Harvest Index (NHI) of main shoots of selected mutant 
wheat lines grown under high and low nitrogen nutrition. Data are means + 
SE of four replicate pots (five plants/pot) of which two main shoots were 
harvested. Letters indicate significant differences at the 0.05 level as 
determined by using the LSD. Figure adapted from Derkx et al. (2012). 
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Figure 4.27: Absolute and relative differences in total nitrogen content of 
tissues (a and b) and the main shoot as a whole (c and d) between anthesis 
and physiological maturity of selected mutant wheat lines grown under high 
and low nitrogen nutrition. Total N content = dry weight x %N. LSDs: FL = 
0.4285 and 0.0680, L = 0.6200 and 0.1435, St = 0.3728 and 0.0724, Sh = 
0.1661 and 0.0910, E = 0.4895 and 0.2053, whole shoot = 2.8041 and 0.5266. 
Data are means + or - SE of four replicate pots per time point (five plants/pot) 
of which two main shoots were harvested.  
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Figure 4.28: Nitrogen distribution between tissues of main shoots at 
anthesis (a) and maturity (b) of selected mutant wheat lines grown under 
high and low nitrogen nutrition. LSDs: FL = 2.94%, L = 4.29%, St = 2.24%, Sh = 
1.12%, E = 3.65%, Gr = 2.17%. Data are means of four replicate pots (five 
plants/pot) of which two main shoots were harvested. Statistical analysis was 
performed per tissue but encompassing both time points. Figure adapted 
from Derkx et al. (2012). 
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4.4.6 Biomass and Nitrogen Uptake and Remobilisation 
The post-anthesis changes in biomass (C) and N allocation for the main shoot 
of each line x N level combination are summarised in Table 4.2. SG3 had the 
greatest post-anthesis biomass gain (uptake) at both N levels and hardly 
remobilised C, which matched its stay-green phenotype, while FS2 showed 
the opposite pattern. WT maintained a high C uptake whilst also having a 
relatively high remobilisation, especially at high N. 
 
WT had the highest post-anthesis N uptake and lowest N remobilisation at 
low N conditions, while at high N supply the pattern was reversed. SG3 had 
the highest N uptake and lowest remobilisation at high N, while at low N it 
had high remobilisation and average uptake. Post-anthesis N uptake of FS2 
was low at the low N regime.  
 
When comparing the interactions between shoot biomass (C) and nitrogen 
content at anthesis, post-anthesis C and N remobilisation and uptake and 
grain yield and N content, differences between the N levels were observed 
(Figures 4.29 and 4.30).  
 
At both N levels the amount of nitrogen already accumulated at anthesis was 
positively correlated with post-anthesis N remobilisation (Figure 4.29.a; 
P<0.001). At low N, N uptake was negatively correlated with N accumulated at 
anthesis (Figure 4.29.b; P<0.01), while there was only a weak relationship at 
high N. The patterns for biomass were similar (Figure 4.29.c and 4.29.d). So 
when more C and N had accumulated in the plant at anthesis, more C and N 
could be remobilised and less would be taken up post-anthesis.  
 
At low N conditions, the grain N content decreased with greater N 
remobilisation (Figure 4.30.a; n.s.), but was significantly positively correlated 
with post-anthesis N uptake (Figure 4.30.b; P<0.001). Results were similar for 
biomass: remobilisation showed a significant negative relationship with grain 
yield (Figure 4.30.c; P<0.05) and uptake a significant positive relationship with 
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grain yield (Figure 4.30.d; P<0.001). These results suggest that at low N supply 
the plants had not accumulated enough C and N at anthesis to rely on 
remobilisation for grain-filling and therefore depended on post-anthesis 
uptake, but concurrently the remobilisation of C and N from the shoot 
inhibited the post-anthesis uptake of more C and N for grain-filling.  
 
At high N conditions, both greater post-anthesis N remobilisation and N 
uptake were only weakly associated with higher grain N content (Figure 4.30a 
and 4.30.b; n.s.). There were also no significant associations between grain 
yield and either C uptake (photosynthetic production of biomass) or 
remobilisation (Figure 4.30.c and 4.30.d). Plants with sufficient N available 
were thus able to use and remobilise C and N from their shoots for grain-
filling without critically reducing their N uptake and photosynthetic abilities. 
 
None of the lines strongly deviated from the found relationships and there 
was a lot of variation within N level x genotype combinations, indicating the 
relationships were robust and not dependent on plant genotype. 
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Table 4.2: Biomass and nitrogen content of the main shoot at anthesis and 
physiological maturity and post-anthesis uptake and remobilisation of 
selected mutant wheat lines grown under high and low nitrogen nutrition. 
Data are means of four replicate pots (five plants/pot) of which two main 
shoots were harvested. A, anthesis; M, physiological maturity; G, grain. 
Standard errors (SE) of the means of the measured parameters are indicated 
in parentheses. Since uptake and remobilisation could not be measured 
because of destructive sampling, but were derived from anthesis and 
maturity values, SE cannot be given. Table from Derkx et al. (2012). 
 
 
 
 
 
 
  
 
  Biomass (g)   Nitrogen (mg) 
 Total  Uptake Grain Remobilisation  Total  Uptake Grain Remobilisation 
 A M  M-A G G-(M-A)  A M  M-A G G-(M-A) 
Low 
N 
FS2  
5.84 
(0.33) 
8.67 
(0.17) 
 
2.84 
 
3.82 
(0.11) 
0.98 
 
 
4.78 
(0.39) 
6.60 
(0.26) 
 
1.82 
 
5.13 
(0.22) 
3.31 
 
SG3  
5.27 
(0.23) 
9.36 
(0.47) 
 
4.09 
 
4.57 
(0.25) 
0.47 
 
 
4.31 
(0.11) 
6.39 
(0.28) 
 
2.08 
 
5.42 
(0.27) 
3.34 
 
WT  
5.54 
(0.65) 
9.28 
(1.16) 
 
3.74 
 
4.46 
(1.26) 
0.72 
 
 
4.11 
(0.46) 
6.53 
(1.89) 
 
2.42 
 
5.41 
(1.51) 
3.00 
 
High 
N 
FS2  
6.56 
(0.60) 
11.46 
(0.70) 
 
4.91 
 
5.74 
(0.34) 
0.83 
 
 
11.01 
(0.77) 
13.89 
(0.58) 
 
2.88 
 
11.62 
(0.51) 
8.74 
 
SG3  
5.47 
(0.26) 
11.01 
(0.21) 
 
5.55 
 
5.87 
(0.12) 
0.32 
 
 
8.47 
(0.22) 
11.82 
(0.97) 
 
3.35 
 
10.19 
(1.00) 
6.84 
 
WT  
7.94 
(0.61) 
13.41 
(0.32) 
 
5.46 
 
6.78 
(0.14) 
1.32 
 
 
11.86 
(0.45) 
14.06 
(0.22) 
 
2.20 
 
12.30 
(0.08) 
10.10 
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Figure 4.29: Relationships between shoot nitrogen (N) content at anthesis 
and post-anthesis N remobilisation (a) and N uptake (b), and between shoot 
biomass (C) at anthesis and post-anthesis C remobilisation (c) and C uptake 
(d) of selected mutant wheat lines grown under high (dashed line) and low 
(solid line) nitrogen nutrition. Data points are means per replicate block. 
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Figure 4.30: Relationships between grain nitrogen (N) content and post-
anthesis N remobilisation (a) and N uptake (b) and between grain yield and 
biomass (C) remobilisation (c) and C uptake (d) of selected mutant wheat 
lines grown under high (dashed line) and low (solid line) nitrogen nutrition. 
Data points are means per replicate block. 
Low N: 
n.s. 
High N: 
n.s. 
0
5
10
15
0 2 4 6 8 10 12G
ra
in
 N
 c
o
n
te
n
t (
m
g)
 
Post-anthesis N remobilisation (mg) 
a 
Low N: 
y = 0.515x + 4.289 
R² = 0.8227 
P = 0.0003 
High N: 
n.s. 
0
5
10
15
-2 0 2 4 6 8G
ra
in
 N
 c
o
n
te
n
t (
m
g)
 
Post-anthesis N uptake (mg) 
b 
Low N: 
y = -0.439x + 4.563 
R² = 0.5719 
P = 0.0114 
High N: 
n.s. 
0
2
4
6
8
-2 -1 0 1 2 3 4
G
ra
in
 y
ie
ld
 (
g)
 
Post-anthesis C remobilisation (g) 
c 
Low N: 
y = 0.350x + 3.011 
R² = 0.8068 
P = 0.0004 
High N: 
n.s. 
0
2
4
6
8
-2 0 2 4 6 8
G
ra
in
 y
ie
ld
 (
g)
 
Post-anthesis C uptake (g) 
d 
FS2 low N SG3 low N WT low N
FS2 high N SG3 high N WT high N
4. STAY-GREEN MUTANTS 
 
131 
 
4.4.7 Gene Expression 
Genes for which the expression correlated with leaf senescence were 
identified in Chapter 3. The expression of a number of these genes was 
analysed in lines FS2 and WT at both N levels to assess whether the 
differential senescence phenotypes of these lines were reflected at the 
molecular level. Line SG3 was not included since it showed very similar flag 
leaf senescence to WT in this experiment, especially at high N (Figure 4.10). 
Flag leaves were collected at the same time points as senescence was 
measured (Figure 4.10), so the early and late senescence time points of plants 
grown at low N were at 12 and 17 days post-anthesis, while the similar time 
points for the high N plants were at 21 and 25 dpa. To be able to compare 
these data fairly, gene expression was not only shown against time (Figure 
4.31) but also plotted against greenness (Figure 4.32). 
  
RBCS expression decreased in time for all four line x N level combinations 
(Figure 4.31.a) and correlated significantly with greenness (Figure 4.32.a; 
P<0.001). RBCS expression was significantly higher at anthesis in WT at high N 
(P<0.001), but at early and late senescence RBCS expression was the same in 
both lines at both N levels.  
 
SAG12 expression was already high at anthesis and increased significantly 
only under low N conditions, and earlier in FS2 than in WT (Figure 4.31.b). 
Overall there was a significant relationship between SAG12 expression and 
greenness (Figure 4.32.b; P<0.001). 
 
Expression of the NAC transcription factor was barely detectable. The little 
expression that was there even seemed to disappear in time (Figure 4.31.c), 
but there was no significant relationship with senescence (Figure 4.32.c) since 
most leaves did not show any expression at all. 
 
Expression of the WRKY transcription factor increased significantly in time 
(Figure 4.31.d; P<0.001) and correlated well with senescence (Figure 4.32.d). 
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The increase was earlier and stronger at low N compared to high N. There 
were no significant differences between the lines.  
 
Expression of the MYBa transcription factor showed great variation and was 
therefore not correlated with senescence (Figure 4.32.e). However, MYBa 
expression in WT increased significantly between early and late senescence 
(Figure 4.31.e). MYBa expression increased in early senescence for FS2 at low 
N, but was not significantly higher than that of plants grown under high N 
plants during late senescence. 
 
Expression of MYB transcription factor b in flag leaves decreased in time for 
both lines at both N levels (Figure 4.31.f). Expression was significantly higher 
in plants grown at high N nutrition throughout senescence (P<0.001), and 
correlated with greenness (Figure 4.32.f; P<0.001). There was no difference 
between the lines. 
 
Expression of the F-box protein gene increased significantly during 
senescence in low N supplied plants only (Figure 4.31.g), but still overall 
correlating with greenness (Figure 4.32.g; P<0.01). Compared with high N 
supplied plants with similar greenness, the expression of the F-box gene was 
higher in low N plants than one would expect (Figure 4.32.g). This indicates 
that this gene mainly responded to the N level and not the senescence status 
of the plants. 
 
Expression of the PTF1-like gene correlated well with greenness (Figure 
4.32.h; P<0.001), but expression only increased in plants grown at low N 
(Figure 4.31.h). In FS2, expression increased first and then decreased again, 
although it stayed higher than it was at anthesis, while in WT expression 
increased only later in time.  
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Figure 4.31: Relative gene expression in flag leaves of selected mutant 
wheat lines grown under high and low nitrogen nutrition. (a) RBCS, (b) 
SAG12, (c) NAC transcription factor, (d) WRKY transcription factor, (e) MYB 
transcription factor a, (f) MYB transcription factor b, (g) F-box protein, (h) 
PTF1-like gene. Data are means + SE of four replicate pots (five plants/pot) of 
which the flag leaves of two main shoots were harvested.  
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Figure 4.32: Relationships between greenness (SPAD) and relative gene 
expression in flag leaves of selected mutant wheat lines grown under high 
and low N nutrition. (a) RBCS, (b) SAG12, (c) NAC transcription factor, (d) 
WRKY transcription factor, (e) MYB transcription factor a, (f) MYB 
transcription factor b, (g) F-box protein, (h) PTF1-like gene.  
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4.5 DISCUSSION AND CONCLUSIONS 
 
Three mutant wheat lines showed a stay-green phenotype and two lines a 
fast-senescing phenotype in three separate experiments: the field study at 
the John Innes Centre in which they were selected originally, the screening of 
54 mutant lines, and the follow-up experiment in which they were studied in 
more detail. The senescence phenotypes were confirmed by relative 
chlorophyll content (greenness), continuation of photosynthesis, and 
maintenance of photosystem II efficiency (Figures 4.1 and 4.2).  
 
When one of the stay-green lines (SG3) was grown again, this time under high 
and low nitrogen, it showed flag leaf senescence similar to wild-type at high N 
while at low N it seemed to senesce faster than wild-type (Figure 4.10). 
However, the faster senescence at low N seemed to occur just in the 
individual plants selected randomly for this particular time point; other plants 
seemed to be similar to wild-type. When examining the senescence of the 
whole plant, SG3 showed a stay-green phenotype, especially at high N (Figure 
4.11). FS2 was fast-senescing at all nitrogen regimes. In the field SG3 showed 
a stay-green and FS2 a fast-senescing phenotype, and at low N SG3 did not 
senesce faster while FS2 and WT did (Derkx et al., 2012). 
 
SG3 had the highest N uptake and lowest remobilisation at high N, while at 
low N it had high remobilisation and average uptake (Table 4.2). SG3 also 
reached higher grain N concentrations than FS2 and WT for similar grain 
yields (Figure 4.23). However, N remobilisation per mg shoot N available at 
anthesis of SG3 was similar to that of WT and FS2 at both N levels (Figure 
4.29.a), suggesting the differences in remobilisation were determined by N 
status and not by differences in leaf senescence. SG3 had a similar NHI as WT 
at both N levels (Figure 4.26), indicating the stay-green trait had no negative 
effects on final grain nitrogen content.  
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The three stay-green mutant lines were not able to accumulate more biomass 
or increase their grain yield as was reported for other stay-green wheat 
genotypes (Chen et al., 2011a; Chen et al., 2010; Christopher et al., 2008; 
Gong et al., 2005; Luo et al., 2006; Spano et al., 2003); in fact, they were even 
less effective in this than wild-type (Figures 4.3.a and 4.4). This was also the 
case when a selection of lines was grown at high and low N supply, although 
accelerated senescence was even more detrimental (Figures 4.13.a and 4.15). 
However, in the field SG3 had a higher grain yield than WT at low N, while FS2 
had strongly reduced yields at both low and high N (Derkx et al., 2012). 
 
The EMS mutagenesis procedure could have resulted in multiple mutations 
that diminished fitness of the mutants, both stay-green and fast-senescing 
plants, adversely affecting grain yield. However, since wheat is a hexaploid 
species it is unlikely background mutations occurred in all copies of a gene 
simultaneously. Visible mutants are most likely to be affected by gain-of-
function mutations or mutations in genes that are already knocked out on the 
other genomes. So the background mutation load of the EMS procedure is 
unlikely to be high in a hexaploid species such as wheat. 
 
None of the lines deviated from the found relationships between shoot C and 
N at anthesis, uptake and remobilisation of C and N, and grain yield and grain 
N content (Figures 4.29 and 4.30), suggesting that leaf senescence was 
induced by plant C and / or N status irrespective of the plant’s senescence 
phenotype. This raises the possibility that the mutations of the stay-green and 
fast-senescing mutants affected C and / or N status, and that differences in 
leaf senescence were indirect consequences. In support of this, plant N status 
has been found to be an important determinant of genotypic differences in 
the rate of leaf senescence in sorghum (van Oosterom et al., 2010).  
 
Considering the extended photosynthesis period of the stay-green lines, it 
was surprising that they did not have a higher photosynthetic production 
(biomass). Lack of remobilisation of photo-assimilates and nitrogen to the 
4. STAY-GREEN MUTANTS 
 
139 
 
grain might not be so unusual though. One study showed that wheat seed 
weight hardly responds to photosynthesis levels during seed filling, indicating 
that wheat seeds experience no source limitation for seed growth (Borrás et 
al., 2004). This was also found for a wheat stay-green variety: even though 
the grain-filling period of a stay-green hybrid was extended by 6-7 days the 
harvest index was lower, indicating that the hybrid was relatively inefficient in 
remobilisation of carbon and that most of the extra photosynthesis products 
remained in the vegetative parts instead of being trans-located to the grain 
(Gong et al., 2005). It can be speculated that a reduced grain N sink size for 
the stay-green lines may have been associated with a low potential grain 
weight, since grain number was slightly higher. So it is plausible that under 
the conditions used in the experiments reported in this thesis wheat grains do 
not have a sufficient demand for extra carbon-products, and that their 
remobilisation therefore did not take place. The extra post-anthesis 
photosynthetic capacity of SG3 may have been resulted in additional 
allocation of assimilates to other plant parts such as the roots. Consequently, 
enhancing photosynthetic production would not have an effect on grain yield.  
 
It is conceivable that the stay-green trait has different effects under different 
environmental conditions. Results from the nitrogen nutrition experiment 
suggested that nitrogen nutrition was not of influence. However, there are 
other environmental conditions, notably drought, which could achieve an 
effect. Alternatively, the conditions used in the nitrogen nutrition experiment 
conducted here might not have been optimal to create differences between 
the lines. It is possible that plants grown in pots in the glasshouse are more 
likely to be sink-limited than plants grown under standard plant population 
densities in field conditions. The plants would then be insensitive to a change 
in supply (source) of carbon and nitrogen. Another possible issue is that that 
the EMS mutagenesis procedure could have resulted in multiple mutations 
that diminished the fitness of the mutants (as discussed above), both stay-
green and fast-senescing, so that they have an inherent disadvantage in 
development compared to wild-type plants. 
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It has been suggested that a supplemental investment of nitrogen in the 
photosynthetic machinery may be detrimental to the transfer of nitrogen to 
the grain and thus to final grain yield, at least if N uptake does not increase as 
well (Sinclair, Purcell and Sneller, 2004). In support of this, it has been found 
that the nitrogen concentration in straw of a stay-green line of wheat 
remained higher, making it likely more N uptake is required to achieve a grain 
protein content comparable to wild-type (Chen et al., 2011a). Even though 
SG3 had the lowest remobilisation at high N (Table 4.2), there were no 
differences between FS2, SG3 and WT in N remobilisation or N uptake per mg 
shoot N available at anthesis (Figure 4.29.a). Furthermore, SG1, SG2 and SG3 
reached a grain N concentration similar or higher than wild-type in all 
experiments under all levels of nitrogen nutrition (Figures 4.6.b, 4.22.a, 4.23 
and 4.24.b), indicating nitrogen was not limiting at maturity. This would 
suggest carbon was the factor limiting grain yield and total grain nitrogen 
content. Such a coupling between carbon economy and grain nitrogen 
concentration was found by Sandaña, Harcha and Calderini (2009), while the 
other theory would assume grain nitrogen content was source-limited, as 
found by Martre et al. (2003). Since grain concentration in the stay-green 
lines was always equal or higher than wild-type (Figures 4.6.b and 4.22.a), one 
would assume there is scope for a reduction in nitrogen concentration 
accompanied with an increase in grain yield. Furthermore, it seems that 
accelerated senescence resulted in reduced remobilisation of nitrogen from 
the leaves (Figure 4.27), especially at low N supply. In addition, the results 
suggest that the accumulation and allocation of carbon (biomass) was 
affected by the stay-green phenotype (see above). So grain yield and 
therefore grain total nitrogen content of the stay-green lines appears to have 
been limited by carbon remobilisation, not by a shortage of nitrogen available 
for grain-filling. This is in contradiction to findings in wheat (Gaju et al., 2011) 
and sorghum (Borrell and Hammer, 2000), which showed that faster 
senescence was accompanied with higher nitrogen remobilisation and less 
nitrogen uptake. 
 
4. STAY-GREEN MUTANTS 
 
141 
 
In FS2 and WT grown under high and low N supply, SAG12 and the WRKY 
transcription factor showed a significant positive relationship with senescence 
and transcription factor MYBb a significant negative relationship (Figure 
4.32.a, 4.32.d and 4.32.f). Transcription factor MYBa, the PTF1-like gene and 
the F-box gene showed a change in expression under low N conditions only 
(Figure 4.31.e, 4.31.g and 4.31.h), suggesting their expression is modulated 
more directly by nitrogen status than by senescence.  
 
Unexpectedly, even though expression of the marker gene Rubisco decreased 
in time (Figure 4.31.a) it did not show an overall significant relationship with 
greenness (Figure 4.32.a). In less green senescing leaves RBCS levels 
associated well with the SPAD readings. In contrast, in green leaves (high 
SPAD) of plants grown with high N supply there was considerable variation in 
RBCS levels, which corresponds with the suggestion that Rubisco can function 
as a storage protein (Breeze et al., 2011). In summary, senescence is generally 
accompanied by a decrease in RBCS expression, but RBCS expression in green 
leaves is not determined by senescence status but by nitrogen availability.  
 
Expression of the NAC transcription factor was not or barely detected. This 
result does not match the expression studies on the Avalon x Cadenza 
doubled haploid lines in which expression of the NAC gene was clearly 
present and correlated with senescence (Figure 3.10). However, in the few 
samples expression was found, the pattern showed a decrease in senescence 
as had been found before (Figure 4.31.c).  
  
In summary, stay-green and fast-senescing mutant lines of wheat were 
identified and characterised. Stay-green line SG3 had higher grain N 
concentrations than WT and was able to allocate similar proportions of 
nitrogen to the grain under N-limiting and N-sufficient conditions. In contrast, 
the accelerated senescence of line FS2 resulted in lower grain yield and 
reduced nitrogen allocation to the grain. 
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5. FUNCTIONAL STUDY OF A SENESCENCE-ASSOCIATED 
NAC TRANSCRIPTION FACTOR IN WHEAT 
 
 
5.1 INTRODUCTION 
 
Members of the NAC transcription factor family (named after the petunia 
NAM and Arabidopsis ATAF1-2 and CUC2 genes) have been shown to be 
involved in developmental and physiological processes such as embryo and 
shoot meristem development, lateral root formation, auxin signalling, 
defence, abiotic stress responses and senescence (Nuruzzaman et al., 2012; 
Olsen et al., 2005). Senescence-associated NAC transcription factors have 
been described in Arabidopsis (Balazadeh et al., 2011; Guo and Gan, 2006; 
Kim et al., 2009; Lee et al., 2012; Wu et al., 2012; Yang et al., 2011; Yoon et 
al., 2008), rice (Sperotto et al., 2009), bamboo (Chen et al., 2011b) and wheat 
(Uauy et al., 2006b). The majority of these genes showed increased 
expression during senescence and are therefore positive regulators of 
senescence. As yet only one NAC gene that is a potential negative regulator of 
leaf senescence has been described in detail (Wu et al., 2012). 
 
A transcriptomics study of six wheat varieties grown at multiple levels of 
nitrogen fertiliser (Hawkesford and Howarth, 2010) resulted in a list of 
candidate genes that may be involved in leaf senescence and nitrogen 
remobilisation during grain-filling (Howarth et al, unpublished). To 
corroborate the expression patterns of several of these genes, expression was 
evaluated during senescence of wheat cultivar Hereward and two Avalon x 
Cadenza doubled haploid lines grown under different nitrogen levels in the 
field in multiple years (Chapter 3) and in wild-type and a fast-senescing 
mutant line of wheat cultivar Paragon grown at two N levels (Section 4.4.7). 
The decreasing expression of the NAC transcription factor during senescence 
in all tested leaf materials suggested this gene could be a negative regulator 
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of senescence in wheat. Therefore the role of this NAC gene in senescence 
was studied further. 
 
The aims of the experiments reported in this chapter were:  
1. To establish the possible identity of the NAC gene by analysing its 
sequence and phylogeny. 
2. To determine in which plant tissues the NAC gene is expressed. 
3. To analyse the effects of overexpression of the NAC gene on 
morphology, development, senescence, grain yield and grain 
nitrogen content of wheat. 
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5.2 SEQUENCE AND PHYLOGENETIC ANALYSES 
 
The NAC family of transcription factors is large, with 151 members in rice split 
into two groups with 16 subgroups (Nuruzzaman et al., 2010). To classify the 
wheat NAC gene, the sequence was analysed in detail (Figure 5.1). Ooka et al. 
(2003) identified five subdomains common to all NAC domains in rice and 
Arabidopsis, and 13 motifs unique to different subgroups. The wheat NAC 
gene contains all five subdomains, as well as a motif unique to the NAC1-type 
and NAM-type NAC transcription factors (Figure 5.1). 
 
To determine the relationship with previously described NAC genes, a 
phylogenetic tree of NAC protein sequences was constructed (Figure 5.2). This 
tree encompasses all senescence-related NAC genes in all other plant species 
(Arabidopsis, bamboo, rice, tomato, and wheat), all rice (cv. Japonica) NAC 
proteins, and all described wheat NAC proteins so far. The wheat NAC gene 
closely resembled another wheat NAC protein, ADG85703, in the UniProtKB 
database. The two genes had identical NAC domains, but differed in three 
residues outside the domain. A biological function of ADG85703 has not been 
described to date. 
 
The closest rice NAC gene was found to be Os08g10080, named ONAC104 by 
Fang et al. (2008). In agreement with the domains found in the wheat 
sequence, Os08g10080 is a NAC1-type gene (Nuruzzaman et al., 2010). 
Os08g10080 has not been functionally analysed. 
 
In summary, the sequence and phylogenetic analyses suggest the wheat NAC 
gene is a NAC transcription factor of the NAC1-type that so far has not been 
described in detail.   
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a. Coding DNA sequence of the wheat NAC gene 
ATGAGCTCTATTGGCATGATGGAGGCGAGGATGCCGCCGGGGTTCCGGTTCCACCCACGGG
ACGAGGAGCTGGTCCTCGACTACCTCCTCCACAAGCTCACCGGCCGGCGCGCATACGGTGG
CGTCGACATCGTGGACGTCGACCTCAACAAGTGCGAGCCATGGGACCTTCCAGAGGCGGCG
TGCGTGGGCGGCAGGGAGTGGTACTTCTTCAGCCTGCGCGACCGCAAGTACGCCACCGGCC
AGCGCACCAACCGCGCCACGCGCTCCGGCTACTGGAAGGCCACCGGCAAGGACCGCGCCAT
CCTCGCGCACGGCGAGGCGTTGGTGGGGATGCGCAAGACGCTCGTCTTCTACCAGGGGAGG
GCCCCCAAGGGGACGAGAACGGAGTGGGTCATGCACGAGTTCCGCCTCGAGGAGGAGCGAC
ACCGCCACCACCACCAGCAGAAGGGCGGCGCCGCCGCCGCCGAGGCGAGGTGCCAGCTCAA
GGAAGACTGGGTGCTATGCAGGGTGTTCTACAAGAGCAGAACAAGCAGCCCAAGGCCACCA
TCTGAAGAAGTCTGCACATTTTTTAGCGAGCTGGACCTTCCGACTATGCCACCGCTCGCGC
CCCTCATCGACGCGTGCATCGCCTTCGACAGCGGCACCGCGATGAACACCATCGAGCAAGT
GTCCTGCTTCTCCGGCCTGCCAGCACTACCCCTCAGGGGATCGATGAGCTTCGGGGACCTG
CTGGGCTGGGACAACCCTGAGAAGAAGGCCATCAGGACAGCTCTGAGCAACATGTCAAGTA
ACAGCAATTCCAAGTTGGAGTTGACCCCAAACTGGAGCCAGGAGAACGGCTTGTCACAAAT
GTGGACACCCCTCTGA 
b. Protein sequence of the wheat NAC gene 
MSSIGMMEARMPPGFRFHPRDEELVLDYLLHKLTGRRAYGGVDIVDVDLNKCEPWDLPEAA
CVGGREWYFFSLRDRKYATGQRTNRATRSGYWKATGKDRAILAHGEALVGMRKTLVFYQGR
APKGTRTEWVMHEFRLEEERHRHHHQQKGGAAAAEARCQLKEDWVLCRVFYKSRTSSPRPP
SEEVCTFFSELDLPTMPPLAPLIDACIAFDSGTAMNTIEQVSCFSGLPALPLRGSMSFGDL
LGWDNPEKKAIRTALSNMSSNSNSKLELTPNWSQENGLSQMWTPL 
c. Predicted NAC domain (Interpro) of the wheat NAC gene 
MPPGFRFHPRDEELVLDYLLHKLTGRRAYGGVDIVDVDLNKCEPWDLPEAACVGGREWYFF
SLRDRKYATGQRTNRATRSGYWKATGKDRAILAHGEALVGMRKTLVFYQGRAPKGTRTEWV
MHEFRLEEERHRHHHQQKGGAAAAEARCQLKEDWVLCRVFYK 
 
 
Figure 5.1: Sequence analysis of the wheat NAC gene. (a) The coding DNA 
sequence and (b) the translated protein sequence with the NAC domain 
highlighted in yellow and the NAC1/NAM-group-specific motif in green. (c) 
The five subdomains of the NAC domain (highlighted). Indicated in red are 
amino acids that are 100% conserved between all NAC domains in rice and 
Arabidopsis, in bold amino acids that are >50% conserved (according to Ooka 
et al., 2003).   
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Figure 5.2: Phylogenetic analysis of the wheat NAC protein (yellow*), 
senescence-associated NAC proteins from all plant species (blue), other 
known wheat NAC protein sequences (green), and all remaining known rice 
NAC proteins (white). Amino acids within the NAC domains were aligned in 
MEGA5 using the ClustalW algorithm (Larkin et al., 2007). The phylogenetic 
tree was constructed using the Neighbor-Joining method (Tamura et al., 
2011). Bootstrap values of 1000 replicates are indicated at each node.    
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5.3 EXPRESSION OF THE NAC GENE IN WHEAT TISSUES 
 
In studies of field-grown wheat it was established that expression of the NAC 
gene decreased with senescence of leaf two (Chapter 3). An experiment was 
set up to test whether the NAC gene is expressed in tissues other than leaves 
(Figure 5.3). Roots were harvested at booting, flowers were dissected at 7 
days post-anthesis when grain has just become visible, while all other tissues 
were harvested at anthesis. Expression was measured by semi-quantitative 
RT-PCR (Section 2.2.1 – 2.2.3). 
 
Expression of the NAC gene was highest in the second leaf, third leaf and leaf 
sheath, which are the organs that will have been starting to senesce at the 
time of sampling. Expression was lower in the flag leaf and stem, while NAC 
expression was barely or not detectable in the glume and lemna, grain, rachis 
and roots. 
 
 
  
Figure 5.3: Expression of the NAC gene in wheat tissues. Glume, lemna and 
grain were harvested seven days post-anthesis, roots at booting, the other 
tissues at anthesis. Data are means + SE of three replicate plants. 
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5.4 OVEREXPRESSION OF THE NAC GENE IN WHEAT 
 
5.4.1 Creation of NAC-Overexpressing Wheat 
Expression of the NAC transcription factor was found to be correlated with 
senescence of the second leaf of wheat (Chapter 3). This correlation in itself is 
not evidence for an actual role of this gene in leaf senescence. To get a better 
idea of the role of this NAC gene in leaf senescence, or in any other aspect of 
wheat development, a transgenics approach was employed to manipulate 
NAC gene expression. Since expression of the NAC gene decreased during 
senescence, it was anticipated overexpression of the NAC gene may delay leaf 
senescence if it has a regulatory role in leaf senescence.  
 
Two overexpression constructs containing different promoters were used 
(Figure 5.4): one containing the rice tungro bacilliform virus (RTBV) promoter 
(Bhattacharyya-Pakrasi et al., 1993), which has strong expression in wheat 
leaves (Rothamsted Cereal Transformation Group, unpublished), and another 
containing the rice actin1 promoter which is considered to be constitutively 
expressed in all tissues (Zhang et al., 1991).  
 
The two constructs were used to transform the wheat cultivar Cadenza. Eight 
independent pRTBV-NAC (R1-R8) and two independent pActin-NAC plants (A1 
and A2) were generated. Offspring from each were grown (T1 generation), 
screened by PCR (Sections 2.2.4 and 2.2.5) for transgenic individuals and the 
seed of three separate transgenic plants was collected. Seeds of one of these 
plants (T2 generation) per line were grown and screened by PCR. Four of 
these plants were used for the further studies. 
 
The copy number was determined for a selection of the lines (Dr Peter 
Buchner (Rothamsted Research) and IDna Genetics Ltd.). Line pActin-NAC 1 
appeared to have one copy inserted (homozygous lines have two). pRTBV-
NAC lines 2, 3, 5, 6 and 8 had between 3 and 15 copies for hemizygous lines. 
Many are suspected to have multiple insertions.  
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a 
 
b 
 
 
Figure 5.4: Plasmids for NAC overexpression under the control of rice actin 
(a) and RTBV (b) promoters. Apart from the promoters the two constructs 
are identical. The plasmids contain a broad host range origin of replication 
(ORI) for use in Agrobacterium tumefaciens (pSA) and an ORI for Escherichia 
coli (colEI) and the NPT1 kanamycin-resistance gene for selection of bacteria. 
The part between the left and right borders (LB and RB) is meant for insertion 
into the plant genome. Apart from the promoter-NAC-35S-terminator 
sequence this includes a BAR gene (phosphinothricin resistance) under 
control of an ubiquitin promoter to allow for plant selection. Genes in green, 
promoters in blue, terminators in red and ORI in pink. Constructs made by Dr 
Peter Buchner (Rothamsted Research).  
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5.4.2 Morphology and Development 
To determine if overexpression of the NAC gene affects development, the 
timing of four key developmental stages of the main shoot was compared: 
completion of flag leaf emergence (Zadoks Growth Stage 39), transition of 
booting to heading (GS49), start of anthesis (GS61), and physiological 
maturity (GS89). Highly significant differences were found between lines for 
all four growth stages (all P<0.001).  
 
The first three growth stages all gave a similar picture. The flag leaf of line 
pRTBV-NAC 8 (R8) emerged significantly earlier than that of all other lines 
except R2, while lines R1, R5 and R6 reached this growth stage significantly 
later than both transformation control (C) and wild-type (WT) (Figure 5.5). R8 
also reached the heading stage significantly earlier than C and WT, whilst R5 
and R6 reached this stage significantly later (Figure 5.5). R8 was still earlier in 
anthesis than WT and C but this difference was not significant, while R1, R5 
and R6 flowered significantly later than C and WT (Figure 5.5). At all three 
stages line R2 was early, but never significantly differed from both C and WT. 
The difference between early and late lines was between six to eight days. 
 
At physiological maturity differences between lines were smaller, at a 
maximum of five days (Figure 5.5). Line R2 still reached maturity before the 
control lines (not significant). Line R6 reached this stage significantly later 
than C and WT. But while line R8 had reached the other stages early, it 
reached physiological maturity significantly later than all other lines. 
Therefore R8 had a longer post-anthesis canopy longevity than the other 
lines.  
 
To examine whether the differences in development were similar for the 
tillers or just the main shoot, the start of anthesis was assessed for the first 
three tillers (Figure 5.6). Differences in anthesis date of the first two tillers 
were smaller and not significant. The anthesis dates of the third tiller were 
highly significantly different (P<0.001) between lines, and the anthesis date of 
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the third tiller of plants carrying the pRTBV-NAC construct was significantly 
later overall as well (P<0.05). The third tiller of R1 flowered significantly later 
than both C and WT, whilst R8 reached anthesis significantly later than all 
lines including R1. So while the main shoot of R8 flowered early, the third 
tiller was flowering very late, displaying a wide spread in flowering dates of 
the ears within one plant. 
 
 
 
 
 
 
Figure 5.5: Development of the main shoot of NAC-overexpressing wheat. 
Development was assessed by measuring the time (days post-sowing) 
required to reach a certain growth stage. Flag leaf emergence (GS39), 
transition booting to heading (GS49), start anthesis (GS61), physiological 
maturity (GS89). * significantly different from both control and wild-type 
(P<0.05). Data are means + SE of four replicate plants. 
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Figure 5.6: Time (post-sowing) in which the main shoot and first three tillers 
of NAC-overexpressing wheat reached anthesis (GS61). * significantly 
different from both control and wild-type (P<0.05). Data are means + SE of 
four replicate plants. 
 
 
 
Apart from the timing of development, line R8 was untypical in a number of 
other traits. R8 was more than 20 cm shorter than the other lines (Figure 5.7), 
and this was the case for the main shoot and the tillers (P<0.001). In addition, 
around anthesis the number of tillers seemed lower (data not shown), 
although the final number of tillers at maturity reached a number comparable 
to wild-type (Figure 5.8.a; no significant differences between lines) because 
the tillers developed later (Figure 5.6). The number of culm leaves on the 
main shoot, which should correspond to the number of internodes, was also 
significantly lower in comparison to all the other lines (Figure 5.8.b; P<0.001). 
 
Overall, the plants carrying the pRTBV-NAC construct had significantly shorter 
shoots and tillers than non-transgenic plants (Figure 5.7).  
 
Since the NAC gene is thought to be involved in leaf senescence, it is 
important to establish whether leaf morphology is affected. Therefore the 
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leaf size was assessed by measuring length (Figure 5.9.a) and width (Figure 
5.9.b) of the top three leaves of the main shoot. When comparing the leaf 
lengths, only flag leaves differed significantly between lines (P<0.05) but not 
constructs. R5 is the only line with significantly shorter flag leaves than C and 
WT, while no line had significantly longer flag leaves. R5 also had shorter 
second and third leaves, and all its leaves were the narrowest measured, but 
these differences were not significant. The widths of all top three leaves 
differed significantly between lines (P<0.01) but not constructs. The top two 
leaves of R8 were significantly wider than those of all lines (flag leaf) or at 
least the control lines C and WT (leaf 2). R4 had significantly wider second 
leaves than C and WT, whilst R7 had significantly wider second and third 
leaves. 
 
 
 
 
 
 
 
Figure 5.7: The height of the main shoot and the first two tillers of NAC-
overexpressing wheat. * significantly different from both control and wild-
type (P<0.05). Data are means + SE of four replicate plants. 
 
 
* * 
* 
50
55
60
65
70
75
80
85
90
95
100
Shoot Tiller 1 Tiller 2
H
ei
gh
t 
(c
m
) 
pActin-NAC 1
pActin-NAC 2
pRTBV-NAC 1
pRTBV-NAC 2
pRTBV-NAC 3
pRTBV-NAC 4
pRTBV-NAC 5
pRTBV-NAC 6
pRTBV-NAC 7
pRTBV-NAC 8
Control
Wild-type
5. NAC TRANSCRIPTION FACTOR 
 
155 
 
 
Figure 5.8: The number of tillers (including the main shoot) at physiological 
maturity (a) and the number of leaves on the main shoot (b) of NAC-
overexpressing wheat. The number of culm leaves on the main shoot should 
be equivalent to the number of internodes. A1-2 = pActin-NAC lines 1 and 2 
(blue), R1-8 = pRTBV-NAC lines 1-8 (red), C = transformation control line and 
WT = Cadenza wild-type (grey). * significantly different from both control and 
wild-type (P<0.05). Data are means + SE of four replicate plants. 
 
 
 
Figure 5.9: Length (a) and width (b) of the first three leaves of the main 
shoot of NAC-overexpressing wheat. * significantly different from both 
control and wild-type (P<0.05). Data are means + SE of four replicate plants. 
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5.4.3 Leaf Senescence 
To assess post-anthesis leaf senescence, the relative chlorophyll content 
(SPAD) and quantum yield (QY = FV’/FM’) of the top three leaves of the main 
shoot were measured weekly from anthesis until 49 days post-anthesis 
(Figures 5.10, 5.11 and 5.12). At this point the leaves of all but one line had 
completely senesced. 
 
The wild-type and bombardment control lines showed similar senescence 
patterns, indicating that the transformation process itself did not affect 
senescence. When comparing the pActin-NAC lines with the two control lines, 
there was no difference in senescence. Most of the pRTBV-NAC lines showed 
a delayed onset or lower rate of senescence of the top three leaves compared 
to the control lines. 
 
The sequential senescence of wheat was easily visible. In the wild-type 
Cadenza the third leaf started to rapidly senesce at 21 days post-anthesis 
(Figure 5.10), the second leaf one week later at 28 dpa (Figure 5.11), and the 
flag leaf one week after that at 35 dpa (Figure 5.12). The differences in 
senescence appeared greater in the second and third leaf compared to the 
flag leaf. In addition, SPAD measurements started to decrease about a week 
before QY. 
 
There were significant interactions between construct, line and time in both 
SPAD and QY of the third leaf (Figure 5.10; P<0.001), indicating that genotype 
influenced the timing and rate of senescence. pRTBV-NAC plants had higher 
overall SPAD and QY values than pActin-NAC and control plants. SPAD values 
were higher between 14 and 28 dpa, while QY was higher between 21 and 35 
dpa. At 14 dpa pRTBV-NAC lines 2, 3, 5, 6 and 8 all had a significantly higher 
SPAD than C and WT, but there were no differences in QY. At 21 dpa the same 
lines except R3 maintained the difference in SPAD, whilst R2 and R8 had a 
higher QY. At 28 dpa R8 had a higher SPAD and R6 a higher QY. At 35 dpa R8 
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had both a higher SPAD and QY than the control lines, whilst at 42 dpa R8 still 
had a higher QY.  
 
For the second leaf there was a highly significant construct x line x time 
interaction for relative chlorophyll content (P<0.001), but QY only differed 
significantly between the constructs (pRTBV > pActin and control), not 
between the separate lines. Relative chlorophyll content of the second leaf of 
all but one pRTBV-NAC lines was maintained at a higher level for longer to 
some extent than the control lines (Figure 5.11.a). Again the greenness of R8 
declined slowly, maintaining higher chlorophyll for weeks longer than all the 
other lines, and its SPAD was significantly higher than the control lines 
between 21 and 42 dpa. R8 also maintained some photosystem II capacity 
(Figure 5.11.b). Line R5 stood out with significantly higher SPAD values 
between 7 and 28 dpa, thus having a later onset of senescence, after which it 
plummeted to zero within a week.  
 
There were fewer differences in flag leaf senescence between the lines. R8 
was the only line that had a significantly higher photosystem II efficiency in 
flag leaves than the control lines (Figure 5.12.b; P<0.05). There were no 
significant differences in relative chlorophyll content for the flag leaves, but 
line R8 was again the line with the slowest rate of senescence, maintaining 
relative chlorophyll content the longest (Figure 5.12.a).  
 
In summary, most of the pRTBV-NAC lines showed a delayed onset and / or 
lower rate of senescence of the top three leaves compared to the control 
lines. R8 had the slowest rate of senescence for all three leaves, whilst R2 and 
R5 displayed a late onset of senescence for the third and second leaf 
respectively.  
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Figure 5.10: Progression of post-anthesis senescence of the third leaf of the 
main shoot of NAC-overexpressing wheat. (a) Relative chlorophyll content as 
determined with a SPAD meter. LSD = 14.85. (b) Quantum yield (FV’/FM’), 
which is a measure of Photosystem II efficiency. LSD = 0.246. A1-2 = pActin-
NAC lines 1 and 2 (blue), R1-8 = pRTBV-NAC lines 1-8 (red), C = transformation 
control line and WT = Cadenza wild-type (black). Data are means ± SE of four 
replicate plants. 
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Figure 5.11: Progression of post-anthesis senescence of the second leaf of 
the main shoot of NAC-overexpressing wheat. (a)  Relative chlorophyll 
content as determined with a SPAD meter. LSD = 15.66. (b) Quantum yield 
(FV’/FM’), which is a measure of Photosystem II efficiency. LSD = 0.230. A1-2 = 
pActin-NAC lines 1 and 2 (blue), R1-8 = pRTBV-NAC lines 1-8 (red), C = 
transformation control line and WT = Cadenza wild-type (black). Data are 
means ± SE of four replicate plants. 
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Figure 5.12: Progression of post-anthesis senescence of the flag leaf of the 
main shoot of NAC-overexpressing wheat. (a) Relative chlorophyll content as 
determined with a SPAD meter. LSD = 16.07. (b) Quantum yield (FV’/FM’), 
which is a measure of Photosystem II efficiency. LSD = 0.217. A1-2 = pActin-
NAC lines 1 and 2 (blue), R1-8 = pRTBV-NAC lines 1-8 (red), C = transformation 
control line and WT = Cadenza wild-type (black). Data are means ± SE of four 
replicate plants. 
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5.4.4 Grain Yield  
To see whether the differences in development and senescence resulted in 
differences in grain yield, total seed from all plants was collected and 
weighed. There was no significant difference in grain yield per plant between 
the constructs, but line R8 had a significantly lower grain yield than all the 
other lines (Figure 5.13.a). Since R8 had the lowest tiller number (Figure 
5.8.a), the grain yield per ear was determined to see whether tiller number 
was a determining factor for grain yield. This turned out not to be the case, 
since grain yield per ear of R8 was significantly lower than that of both C and 
WT as well (Figure 5.13.b). R1, which is the line with the highest tiller number, 
turned out to have a significantly lower grain yield per ear than C and WT. 
 
 
  
 
Figure 5.13: Grain yield per plant (a) and per ear (b) of NAC-overexpressing 
wheat. A1-2 = pActin-NAC lines 1 and 2 (blue), R1-8 = pRTBV-NAC lines 1-8 
(red), C = transformation control line and WT = Cadenza wild-type (black). * 
significantly different from both C and WT (P<0.05). Data are means + SE of 
four replicate plants. 
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5.5 GENE EXPRESSION, BIOMASS AND GRAIN NITROGEN  
 
 
5.5.1 Experimental Design 
A second experiment was set up to measure the expression of the NAC gene 
during senescence, biomass differences and grain nitrogen concentration and 
content of a selection of the NAC-overexpressing lines. The lines included 
were the line with the greenest second leaf pRTBV-NAC 5 (R5), the line with 
the longest green duration of the second leaf pRTBV-NAC 8 (R8), an average 
stay-green line pRTBV-NAC 4 (R4), a line with the actin promoter pActin-NAC 
1 (A1) and the transformation control line (C) as the line of reference. 
 
5.5.2 Leaf Senescence 
Before the gene expression and biomass distribution could be assessed, the 
behaviour of the lines compared to the previous experiment was evaluated. 
Since senescence is related to anthesis date, the anthesis date was 
determined first (Figure 5.14). As in the first experiment, R5 had a significantly 
later anthesis date than the control line (P<0.05). However, in contrast to the 
first experiment, A1 also reached anthesis later than C.  
 
 
 
Figure 5.14: Anthesis date (in 2012) of a selection of NAC-overexpressing 
lines of wheat in the glasshouse. * significantly different from the control line 
(P<0.05). Data are means + SE of three replicate plants. 
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Senescence of the top three leaves of the main shoot was measured at four 
time points (Figure 5.15). Since senescence differed between the replicate 
blocks, the time points were taken per block at matching senescence states of 
the plants. All four transgenic lines had significantly greener flag leaves than 
the control line (P<0.01). R5 had significantly greener second and third leaves 
than the other lines. This is mainly explained by the limited senescence of R5 
leaves, confirming the stay-green phenotype of R5 that was observed in the 
previous experiment (Figures 5.10, 5.11 and 5.12). As previously found, R4 
displayed a stay-green phenotype in this experiment. In contrast to the 
previous experiment, A1 now displayed a stay-green phenotype. 
Unexpectedly, line R8, which stayed the greenest for longer in the first 
experiment, now showed a similar senescence pattern to the control line.  
 
5.5.3 Gene Expression 
The second leaves of the main shoots were sampled for gene expression 
analysis. However, since the main goal of the experiment was to measure 
NAC expression during senescence, leaves that were fully senesced were not 
sampled, but a leaf from another tiller was taken instead. The most-senesced 
leaves did not contain enough RNA for gene expression analysis. This is why 
the greenness of the leaves used for gene expression studies (Figure 5.16) 
does not fully match that of the senescence of the second leaf of the main 
shoot (Figure 5.15.b). 
 
To check if senescence at the molecular level matches senescence as 
measured with a SPAD meter, expression of the marker genes RBCS and 
SAG12 was determined by semi-quantitative RT-PCR. As expected, RBCS 
expression decreased during senescence (Figure 5.17.a), and correlated 
significantly with greenness (Figure 5.17.b; P<0.01). SAG12 showed the 
opposite pattern with an increase in expression in senescing less-green leaves 
(Figure 5.18). For both marker genes the expression changed least in R5, 
validating its stay-green phenotype. 
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Total expression of the NAC gene (endogenous and transgenic) was very low 
in the control line (Figure 5.19.a). The difference with the transgenic lines was 
about ten-fold. Overall, total NAC expression was correlated with greenness 
(Figure 5.20.a; P<0.001), but this was mainly driven by expression of line R4, 
which showed a strong increase in expression in time (Figure 5.19.a). In all 
lines endogenous NAC expression decreased in time (Figure 5.19.b), and 
positively correlated with senescence (Figure 5.20.b; P<0.01). Expression of 
the transgenic NAC gene was absent in line C, while it increased in lines A1, R4 
and R5 (Figure 5.19.c). There was a significant relationship with leaf greenness 
(Figure 5.20.c; P<0.001), following the same pattern as total NAC expression 
(Figure 5.20.a).  
 
Overall, total NAC expression correlated significantly with transgenic NAC 
expression (P<0.001) but not with endogenous NAC expression (Figure 5.21), 
indicating the transgenic approach raised NAC expression in leaves 
throughout the whole senescence period. 
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Figure 5.15: Senescence of the flag leaf (a), second leaf (b) and third leaf (c) 
of the main shoot of a selection of NAC-overexpressing lines of wheat as 
determined with a SPAD meter. Measurements were done at four time 
points starting at anthesis and ending when control second leaves were fully 
senesced. Data are means + SE of three replicate plants. 
 
 
 
Figure 5.16: Senescence status of the second leaves of a selection of NAC-
overexpressing lines of wheat that were actually used for gene expression 
analysis. Data are means + SE of three replicate plants. 
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Figure 5.17: Relative RBCS expression during senescence of the second leaf 
(a) and the relation of RBCS expression with greenness (b) of a selection of 
NAC-overexpressing lines of wheat. (a) Data are means + SE of three 
replicate plants. (b) Data points represent individual plants.  
 
 
 
Figure 5.18: Relative SAG12 expression during senescence of the second leaf 
(a) and the relation of SAG12 expression with greenness (b) of a selection of 
NAC-overexpressing lines of wheat. (a) Data are means + SE of three 
replicate plants. (b) Data points represent individual plants. y = -0.2003x + 
13.975; R2 = 0.4811; P < 0.001. 
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Figure 5.19: Relative total expression of the NAC gene (a), and expression of 
the endogenous NAC gene (b) and the transgenic NAC gene (c) during 
senescence of a selection of NAC-overexpressing lines of wheat. Data are 
means + SE of three replicate plants. 
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Figure 5.20: Relation of greenness with relative total expression of the NAC 
gene (a), expression of the endogenous NAC gene (b) and expression of the 
transgenic NAC gene (c) during senescence of a selection of NAC-
overexpressing lines of wheat. Data points represent individual plants. (a) 
n.s., (b) y = 0.0125x – 0.3237; R2 = 0.1400; P = 0.0068 and (c) y = -0.0255x + 
1.735; R2 = 0.2170; P = 0.0006. 
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Figure 5.21: Relation between expression of the endogenous NAC gene and 
relative total NAC expression (a), and between expression of the transgenic 
NAC gene and total NAC expression (b) during senescence of a selection of 
NAC-overexpressing lines of wheat. Data points represent individual plants. 
(a) n.s. and (b) y = 0.7063x – 0.1264; R2 = 0.5128; P < 0.001. 
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5.5.4 Biomass Accumulation and Grain Yield 
Total biomass increased significantly between anthesis and maturity (Figure 
5.22; P<0.05), indicating photosynthesis was still taking place. There was no 
significant interaction between line and time. Overall, R8 had a significantly 
lower biomass than most of the lines, which since the number of tillers did 
not differ (Figure 5.8.a), must be explained by its reduced height (Figure 5.7). 
Surprisingly, control line C had a relatively low biomass at anthesis and the 
highest biomass at maturity, suggesting it had the highest photosynthetic 
production during the grain-filling period.  
 
There were no significant differences between the lines in grain and straw 
yields and the harvest index, but patterns can be observed (Figure 5.23). The 
control line had the highest straw and chaff yield and an average grain yield, 
resulting in the lowest harvest index. In contrast, stay-green line R5 had the 
highest grain yield and average straw yield, resulting in the highest harvest 
index. R8, A1 and R4 had near identical harvest indexes that were between C 
and R5.  
 
5.5.5 Grain Nitrogen Concentration and Content 
Grain nitrogen concentrations differed significantly between the lines 
(P<0.01). R8 had a significantly higher nitrogen concentration than C, while 
the other lines had intermediate grain nitrogen concentrations (Figure 
5.24.a). Total grain nitrogen content did not differ significantly between the 
lines. R5 had the highest grain N content (Figure 5.24.b), because it had the 
highest grain yield (Figure 5.23.a). Despite the low grain yield of R8 (Figure 
5.23.a), its high grain N concentration resulted in the second highest N 
content (Figure 5.24). Over the whole experiment, grain N concentration 
correlated significantly with grain yield (P<0.001). However, at similar grain 
yields as control plants, the transgenic plants reached higher grain N 
concentrations (Figure 5.25; compare dashed and solid lines). The differences 
were greater at lower grain yields. 
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Figure 5.22: Aboveground biomass per plant at anthesis and maturity of a 
selection of NAC-overexpressing lines of wheat. Data are means + SE of four 
replicate plants at anthesis (GS61) and nine replicate plants at maturity 
(GS92).  
 
 
 
Figure 5.23: Grain yield per plant (a), straw and chaff yield per plant (b) and 
harvest index (c) of a selection of NAC-overexpressing lines of harvest-ready 
wheat. Data are means + SE of nine replicate plants. 
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Figure 5.24: Grain nitrogen concentration (a) and total grain nitrogen 
content (b) of a selection of NAC-overexpressing lines of harvest-ready 
wheat. Data are means + SE of nine replicate plants. Letters indicate 
significant differences at the 0.05 level as determined by using the LSD. 
 
 
 
Figure 5.25: Relationship between grain yield per plant (GY) and grain 
nitrogen concentration (GNC) of a control line (solid line) and of a selection 
of transgenic NAC-overexpressing lines of wheat (dashed line). Each data 
point represents one plant. Control: y = -0.0467x + 3.0323; R2 = 0.4389; P < 
0.05. Transgenic: y = -0.0802x + 3.9532; R2 = 0.6662; P < 0.001.  
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5.6 DISCUSSION AND CONCLUSIONS 
 
The expression of the endogenous wheat NAC gene decreased with 
senescence (Chapter 3 and Figure 5.19.b), indicating the gene is a potential 
negative regulator of leaf senescence. NAC genes that are negative regulators 
of senescence seem to be quite rare: so far only the JUB1 gene has been 
unequivocally identified as a regulator of senescence (Wu et al., 2012). Apart 
from this example, a wheat gene showing strong homology with rice NAC2 
was identified in a transcriptome study comparing GPC-RNAi with wild-type 
wheat during senescence (Cantu et al., 2011), but its function has not been 
determined. 
 
NAC overexpression under the RTBV promoter resulted in delayed leaf 
senescence, whilst overexpression under the actin promoter did not alter leaf 
senescence in most cases (Figures 5.10, 5.11, 5.12 and 5.15). In the most 
detailed experiment, line R8 was the only line that maintained a higher 
chlorophyll content and / or photosystem II capacity than wild-type and 
control in all three top leaves (Figures 5.10, 5.11 and 5.12). Line R5 had 
especially green second leaves, while R5, R2, R3 R6 and R7 all had significantly 
higher chlorophyll content in the third leaf at some point during senescence. 
In another experiment, the top three leaves of R5 clearly stayed the greenest, 
while R4 and A1 also maintained greener than C (Figure 5.15). R8 performed 
similar to wild-type in the second experiment (Figure 5.15), while in the initial 
detailed experiment it was the line that clearly stayed the greenest for 
longest (Figures 5.10, 5.11 and 5.12). 
 
The differences between the two experiments can partly be explained by 
environmental conditions, even in the relative constant conditions of the 
glasshouse. In the second experiment the plants experienced an unexpected 
hot and sunny week in March about one week after anthesis, inducing rapid 
senescence. In the first experiment senescence progressed more gradually, 
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less influenced by fluctuations in temperature. The senescence data from the 
first experiment are therefore probably more reliable. 
 
Grain yields and aboveground biomass were not significantly different 
between NAC-overexpressing and control lines (Figures 5.13, 5.22 and 5.23.a), 
although the most stable stay-green line R5 had the highest grain yield and 
seemed to have a relatively high harvest index (Figure 5.23.c). Surprisingly, 
the control line had the biggest post-anthesis biomass gain, suggesting that 
the stay-green lines did not have a higher post-anthesis photosynthetic 
production. These results confirm the hypothesis that grain yield is generally 
not source-limited, as has been found before for wheat, including stay-green 
varieties (Borrás et al., 2004; Gong et al., 2005). 
 
Grain nitrogen concentration and content were higher for the four examined 
NAC-overexpressing lines than for the control plants (Figure 5.24). Transgenic 
plants reached higher grain N concentrations at similar grain yields, especially 
when grain yield was relatively low (Figure 5.25). Line R8 had the highest 
grain N concentration but the lowest grain yield, so its high N concentration 
was probably caused by less carbon dilution, although this cannot be known 
for certain without information about the grain number. Line R5 had the 
highest grain N content, which was due to its relatively high grain yield. Since 
control plants had the highest straw biomass (Figure 5.23.b), it can be 
speculated they invested relatively more nitrogen in the vegetative parts and 
less into the grain. However, nitrogen concentration and content data for the 
whole plant are required to be able to discriminate between a lower nitrogen 
harvest index and a lower N uptake. 
 
Line R8 was dissimilar from the other lines in development and morphology: 
short in stature, initially few but late developing tillers, and fewer and wider 
leaves (Figures 5.5, 5.6, 5.7, 5.8, 5.9 and 5.13). In the first experiment R8 
coupled an early developing main shoot with late maturation (Figure 5.5), and 
therefore had greater post-anthesis longevity. In the second experiment it 
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reacted very strongly to a short peak in temperature, inducing fast 
senescence, suggesting it did not well tolerate stress conditions. Expression 
levels of the transgene did not seem much different from that of the other 
transgenic lines. It could be that the transgene was inserted into a gene or an 
active genomic region, affecting function or expression of other genes. 
 
For the expression results it is important to remember that no gene 
expression data are available for the last time point for three of the lines. 
Expression in later stages of senescence is therefore difficult to compare. Line 
R4 had the highest NAC expression but not the strongest stay-green 
phenotype. This indicates that the level of overexpression was not directly 
correlated with the stay-green phenotype, but that expression probably had 
to be above a certain threshold. Transgenic NAC expression increased across 
the senescence time course, suggesting that the RTBV and actin promoters 
were more active in later stages of leaf development, or alternatively, that 
the transgenic RNA was not degraded very efficiently. 
 
The observation that NAC overexpression under the actin promoter did not 
usually result in a phenotype is remarkable. The actin promoter is 
constitutively expressed (Zhang et al., 1991) and therefore should be 
expressed in leaves too, so it is not obvious why there was no effect. The 
RTBV promoter is supposed to be more strongly expressed in wheat leaves 
than the actin promoter (Rothamsted Cereal Transformation Group, 
unpublished), although this has not been confirmed throughout leaf 
development. Alternatively, the timing of expression in the leaves could be 
different. It is also possible that expression in other plant organs under the 
actin promoter interferes with the effect of the expression in leaf tissues.  
 
Apart from the changes in leaf senescence, the overexpression lines did not 
show any other consistent change in phenotype. Therefore it is likely the 
function of the NAC gene is primarily in the regulation of leaf senescence. 
Expression analysis has shown the closest rice gene, Os08g10080, is 
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differentially expressed in response to infection with the rice tungro spherical 
virus (Nuruzzaman et al., 2010) and mild drought stress (Nuruzzaman et al., 
2012). This could indicate a function in stress responses, although the 
opposite expression pattern for different stresses contradicts this. Since 
orthologous NAC transcription factors in wheat and rice have been shown to 
have diverse functions (Distelfeld et al., 2012), the rice expression does not 
necessarily have relevance for the wheat gene. However, since many genes 
involved in senescence are also involved in stress responses, the response of 
the wheat NAC gene to different stressors would be an obvious topic for 
further investigation.  
 
The greenness of leaves is a measure of leaf nitrogen content (Richardson et 
al., 2002). In agreement with this, the stay-green trait was found to be 
positively correlated to nitrogen use efficiency (Gaju et al., 2011). Therefore 
the response of the NAC-overexpressing lines to differences in nitrogen 
nutrition would be of interest.  
 
It has been hypothesised that maintenance of N uptake during grain-filling is 
determined by the carbon supply to the roots and that this would result in a 
stay-green phenotype by less N remobilisation from the leaves (Rajcan and 
Tollenaar, 1999b). Furthermore, higher than expected grain N concentrations 
as found for the NAC-overexpressing lines (Figure 5.25) have been shown to 
be mainly determined by N uptake (Bogard et al., 2010). Therefore it would 
be interesting to know whether there are differences in N uptake between 
the lines, both pre- and post-anthesis, and whether such differences could be 
explained by differences in root biomass or morphology.  
 
In summary, a NAC1-type NAC transcription factor with decreasing expression 
in leaf senescence of wheat has been identified. Overexpression of this NAC 
gene in wheat resulted in delayed leaf senescence and increased grain 
nitrogen concentrations, but had no significant effects on shoot biomass or 
grain yield.  
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6. FUNCTIONAL STUDY OF A SENESCENCE-ASSOCIATED 
WRKY TRANSCRIPTION FACTOR IN WHEAT 
 
 
6.1 INTRODUCTION 
 
Members of the WRKY transcription factor superfamily have been shown to 
be involved in many physiological and developmental processes, such as 
hormone signalling, abiotic stress and disease responses, wounding, 
embryogenesis, cell maturation in roots, seed coat and trichome 
development, seed germination, and biosynthesis of anthocyanin, starch and 
sesquiterpene (Ülker and Somssich, 2004; Xie et al., 2005). Several 
senescence-associated WRKY genes have been described in Arabidopsis 
(Besseau et al., 2012; Hinderhofer and Zentgraf, 2001; Robatzek and 
Somssich, 2001; Ülker et al., 2007; Zhou et al., 2011b) and rice (Jing et al., 
2009; Ricachenevsky et al., 2010). In wheat four WRKY genes were up-
regulated in senescing leaves (Wu et al., 2008a), but these genes were not 
functionally analysed. 
 
A transcriptomics study of six winter wheat varieties grown at multiple levels 
of nitrogen (Hawkesford and Howarth, 2010) resulted in a list of candidate 
genes that might be involved in leaf senescence and nitrogen remobilisation 
during grain-filling (Howarth et al, unpublished). To corroborate the 
expression patterns of several of these genes, their expression was evaluated 
during senescence of wheat cultivar Hereward and two Avalon x Cadenza 
doubled haploid lines grown under different nitrogen levels in the field in 
multiple years (Chapter 3) and in wild-type and a fast-senescing mutant lines 
of wheat cultivar Paragon grown at two N levels (Section 4.4.7). The 
increasing expression of this WRKY transcription factor during senescence in 
all tested leaf materials suggested this gene could be a positive regulator of 
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leaf senescence in wheat. The role of this WRKY transcription factor in 
senescence was studied in more detail. 
 
The aims of the experiments reported in this chapter were:  
1. To establish the possible identity of the WRKY gene by analysing its 
sequence and phylogeny. 
2. To analyse the effects of RNAi knockdown of the WRKY gene on 
morphology, development, senescence and grain yield of wheat. 
3. To determine in which plant tissues the WRKY gene is expressed. 
 
 
6.2 SEQUENCE AND PHYLOGENETIC ANALYSES 
 
WRKY transcription factors are defined by the presence of one or two WRKY 
domains: the conserved amino acid sequence WRKYGQK plus a unique zinc-
finger-like motif structure of the form CX4–5CX22–23HXH (Eulgem et al., 2000).  
 
Since attempts to obtain the full coding sequence of the WRKY gene by PCR 
were not successful (data not shown), only the C-terminal part of the gene 
was available for evaluation. This fragment of the wheat WRKY gene does 
actually not contain the nucleotides coding for the four tell-tale WRKY amino 
acids, but its identity as a WRKY transcription factor is revealed by the 
presence of the second part of the WRKY domain at the start of the sequence: 
the zinc-finger motif unique to WRKY transcription factors (Figure 6.1).  
 
To determine the relationship with previously described WRKY genes, a 
phylogenetic tree of WRKY protein sequences was constructed (Figure 6.2). 
This tree encompasses all senescence-related WRKY genes in all other plant 
species (Arabidopsis, rice, and wheat), all rice (cv. Japonica) WRKY proteins, 
and all described wheat WRKY proteins so far. The WRKY gene displayed most 
resemblance to the rice genes Os02g47060 (OsWRKY66) and Os04g50920 
(OsWRKY37). Neither gene has been characterised in detail.  
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a. DNA sequence of the wheat WRKY gene (fragment) 
 
TTCCCCATACCCAAGAGGGTACTACAGATGCAGTAGCTCCAAGGGGTGCCCTGCACGGAAGCAA
GTGGAGCGCAGCCGGACGGACCCCAACATGCTGGTCATCACCTACACCTCGGAGCACAACCACC
CGTGGCCGACGCAGCGCAACGTGCTCGCCGGCTCCACTCGGTCCCACTACGCGAAGAACAGCAG
CAACACAGATGCAGCTTCGTCCAAGAACAGCAAGAACTCCTCGCGCAACCAGCACAAGCCAGTC
GTCAAGGCAGAATCAAAGGACCAATCCGCCGCCACCCCGGCCGCGACGAGCACGACCACCACG
GCGACCACAAGCACCGGCAACAACACACCTCCGATGGCTGTGAAAGAGGAGGCAGAAATGGAG
AGAAGGATAGGCGGTGATACTACAGCAACGGTGGGTTATTACAGTGACCATCTCCTGCAGCAGA
TGTTCAGCCAGAGCTACAGGCCGATGATGCCCGAGGAGGCCGGCGGCTATCACCACCAGGACG
ACTTCTTCGCCGACCTCACTGAGCTGGACTCCGACCCTGTCAGCCTCATCTTCTCCACGGAGTACA
TGGAGGCCAGACCTGGCAAGGAGAAGGCAGCAGCCAAGGACGACGTGGATTCATTATTCATGA
TGGACTGGGCGCCCGCTAGTGCTGCTGTTACTACTTCTGCAGGGAGCGCGCTTGAGCAAGGGG
ACATGGGTTTATGAgttttgacgtcaattagttaccttaaaacataccaggcttgcaccatcgatgcatgtgcaaatg
cgaacaccacatttgaggacatttagatataggcttgaaataaccttgatgataacaggagcaagaaaaggaaagtat
gggttttccccctctctctttactctttatattagttattacacactgcgtgctccttcctgatgttattgagtatggtttgttgaa
gatgatctagtatatagtac 
 
 
b. Protein sequence of the wheat WRKY gene (fragment) 
 
SPYPRGYYRCSSSKGCPARKQVERSRTDPNMLVITYTSEHNHPWPTQRNVLAGSTRSHYAKNSSNT
DAASSKNSKNSSRNQHKPVVKAESKDQSAATPAATSTTTTATTSTGNNTPPMAVKEEAEMERRIGG
DTTATVGYYSDHLLQQMFSQSYRPMMPEEAGGYHHQDDFFADLTELDSDPVSLIFSTEYMEARPGK
EKAAAKDDVDSLFMMDWAPASAAVTTSAGSALEQGDMGL 
 
 
 
Figure 6.1: Sequence analysis of the wheat WRKY gene. (a) The DNA 
sequence and (b) the translated protein sequence. The (incomplete) WRKY 
domain is highlighted in yellow with the zinc-finger domain underlined and 
the fragment used for RNAi in green. Coding nucleotides are capitalised, the 
stop coding in bold, and the nucleotides in the 3’-untranslated region are in 
lower case italics. 
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Figure 6.2: Phylogenetic analysis of the wheat WRKY protein fragment 
(yellow*), senescence-associated WRKY proteins from all plant species 
(blue), other known wheat WRKY protein sequences (green), and all 
remaining known rice WRKY proteins (white). Amino acids within the WRKY 
domains were aligned in MEGA5 using the ClustalW algorithm (Larkin et al., 
2007). The phylogenetic tree was constructed using the Neighbor-Joining 
method (Tamura et al., 2011). Bootstrap values of 1000 replicates are 
indicated at each node.    
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6.3 RNAI-KNOCKDOWN OF THE WRKY GENE IN WHEAT  
 
6.3.1 Creation of WRKY-RNAi-Knockdown Wheat 
Expression of the WRKY transcription factor was found to be correlated with 
senescence of the second leaf of wheat (Chapter 3). This correlation in itself is 
not evidence for an actual role of this gene in leaf senescence. To get a better 
idea of the role of this WRKY gene in leaf senescence, or in any other aspect 
of wheat development, a transgenics approach was employed to manipulate 
WRKY gene expression. Since expression of the WRKY gene increased during 
senescence, it was anticipated that knockdown of the WRKY gene may delay 
leaf senescence if it has a regulatory role in leaf senescence.  
 
Two RNAi-constructs containing different promoters were used (Figure 6.3): 
one containing the rice tungro bacilliform virus (RTBV) promoter which has 
strong expression in wheat leaves (Rothamsted Cereal Transformation Group, 
unpublished), and another containing the rice actin1 promoter which is 
considered to be constitutively expressed in all tissues (Zhang et al., 1991).  
 
The two constructs were used to transform the wheat cultivar Cadenza. 
Eleven independent pRTBV-WRKY-RNAi (R1-R11) and seven independent 
pActin-WRKY-RNAi plants (A1-A7) were generated. A4 did not provide enough 
seed to use further. Offspring from all other lines was grown (T1 generation), 
screened by PCR (Sections 2.2.4 and 2.2.5) for transgenic individuals and the 
seed of three separate transgenic plants per line was collected. Seeds of one 
of these plants (T2 generation) per line were grown and screened by PCR. 
Four of these plants were used for the further studies. 
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a 
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Figure 6.3: Plasmids for WRKY knockdown via RNAi under the control of rice 
actin (a) and RTBV (b) promoters. Apart from the promoters the two 
constructs are identical. The plasmids contain a broad host range origin of 
replication (ORI) for use in Agrobacterium tumefaciens (pSA) and an ORI for 
Escherichia coli (colEI) and the NPT1 kanamycin-resistance gene for selection 
of bacteria. The part between the left and right borders (LB and RB) is meant 
for insertion into the plant genome. Apart from the promoter-WRKY-RNAi-
35S-terminator sequence this includes a BAR gene (phosphinothricin 
resistance) under control of an ubiquitin promoter to allow for plant 
selection. Genes in green, RNAi fragment in yellow with the intron in grey, 
promoters in blue, terminators in red and ORI in pink. Constructs made by Dr 
Peter Buchner (Rothamsted Research). 
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6.3.2 Morphology and Development 
To determine if knockdown of the WRKY gene affected development, the 
timing of four key developmental stages of the main shoot was compared: 
completion of flag leaf emergence (Zadoks Growth Stage 39), transition of 
booting to heading (GS49), start of anthesis (GS61), and physiological 
maturity (GS89). The anthesis date of the first three tillers and the time in 
which the whole plant (all tillers) reached physiological maturity also was 
recorded. 
 
Overall, wild-type and transformation control plants reached the flag leaf 
emergence stage significantly earlier than plants carrying a WRKY-RNAi-
construct (Figure 6.4; P<0.05). In addition, the heading and anthesis stages 
were reached significantly earlier by the control lines (Figure 6.4; P<0.001). 
Plants carrying the pRTBV-WRKY-RNAi construct reached the heading stage 
significantly later than those with the pActin-WRKY-RNAi construct (Figure 
6.4; P<0.001). There were no differences between plants with or without 
RNAi-construct for time to physiological maturity. 
 
Highly significant differences between the individual lines were found for all 
developmental stages. pRTBV-WRKY-RNAi lines 4, 6 and 9 had their flag 
leaves fully emerged significantly later than both the control lines C and WT 
(Figure 6.4; P<0.001). The same three lines plus R2 and R11 reached heading 
significantly later than C and WT (Figure 6.4; P<0.001). Lines R6, R9, R11 and 
pActin-WRKY-RNAi line 2 reached the anthesis stage significantly later than 
the control lines (Figure 6.4; P<0.001). There were significant differences 
between the lines in the time in which the main shoot reached physiological 
maturity (P<0.01), but none of the transgenic lines differed significantly from 
both C and WT (Figure 6.4). However, for physiological maturity of the whole 
plant lines A7 and R6 were maturing significantly later than both 
transformation control and wild-type (Figure 6.5; P<0.001). This was probably 
caused by later development of the tillers, since the first three tillers of A7 
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and R6 arrived at anthesis significantly later than C and WT (Figure 6.6; 
P<0.001). 
 
The WRKY-RNAi transgenics plants differed morphologically from the control 
lines in several ways. Overall, WRKY-knockdown plants were significantly 
taller than the control plants (Figure 6.7; P<0.001). Additionally, the 
transgenic lines had a significantly higher number of tillers (Figure 6.8.a; 
P<0.001). On average the transgenic lines had between eight and eleven 
seed-producing tillers (including the main shoot), while the control lines had 
only six. The number of culm leaves on the main shoot, which should be 
equivalent to the number of internodes, did not differ (Figure 6.8.b), so the 
differences in height were not caused by a different number of internodes.  
 
Since this WRKY gene is believed to be involved in leaf senescence, it is 
important to establish whether leaf morphology is affected. Therefore the 
leaf size was assessed by measuring length and width of the top three leaves 
of the main shoot (Figure 6.9). Although individual lines did not have 
significantly different leaf lengths, pActin-WRKY-RNAi plants overall had 
significantly longer first and second leaves than control plants (Figure 6.9.a; 
P<0.05). Some lines had significantly wider or thinner leaves than the control 
plants (Figure 6.9.b), but overall the transgenic plants did not differ 
significantly from control plants. However, pActin-WRKY-RNAi plants had 
significantly wider first and second leaves than pRTBV-WRKY-RNAi plants 
(P<0.001 and P<0.05 respectively). 
  
6. WRKY TRANSCRIPTION FACTOR 
 
185 
 
 
 
Figure 6.4: Development of the main shoot of WRKY-RNAi wheat. 
Development was assessed by measuring the time (days post-sowing) 
required to reach a certain growth stage. Flag leaf emergence (GS39), 
transition booting to heading (GS49), start anthesis (GS61), physiological 
maturity (GS89). * significantly different from both transformation control 
and wild-type (P<0.05). Data are means + SE of four replicate plants. 
 
 
 
 
 
Figure 6.5: Time (days post-sowing) in which the whole plant of WRKY-RNAi 
wheat reached physiological maturity (GS89). * significantly different from 
both transformation control and wild-type (P<0.05). Data are means + SE of 
four replicate plants. 
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Figure 6.6: Time (days post-sowing) in which the main shoot and first three 
tillers of WRKY-RNAi wheat reached anthesis (GS61). * significantly different 
from both transformation control and wild-type (P<0.05). Data are means + 
SE of four replicate plants. 
 
 
 
 
 
 
Figure 6.7: Average height of the main shoot and first three tillers of WRKY-
RNAi wheat. * significantly different from both transformation control and 
wild-type (P<0.05). Data are means + SE of four replicate plants. 
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Figure 6.8: The number of tillers (including main shoot) per plant at 
physiological maturity (a) and the number of leaves on the main shoot (b) of 
WRKY-RNAi wheat. * significantly different from both transformation control 
and wild-type (P<0.05). Data are means + SE of four replicate plants. 
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Figure 6.9: Length (a) and width (b) of the first three leaves of the main 
shoot of WRKY-RNAi wheat. * significantly different from both control and 
wild-type (P<0.05). Data are means + SE of four replicate plants. 
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6.3.3 Leaf Senescence 
Leaf senescence was evaluated for the top three leaves of the main shoot 
from anthesis until at 42 days post-anthesis when all leaves had senesced. 
Relative chlorophyll content (SPAD) was measured to assess the changes in 
greenness of the leaves (Figures 6.10, 6.12 and 6.14), and the photosystem II 
efficiency was assessed by measuring chlorophyll fluorescence (quantum yield 
(QY) = FV’/FM’) to examine whether the leaves still had the ability to 
photosynthesize (Figures 6.11, 6.13 and 6.15). 
 
On average, flag leaves of transgenic plants first significantly decreased in 
greenness between 21 and 28 dpa, whilst control plants did not lose 
greenness until 28 dpa (Figure 6.10; P<0.001). At 28 dpa lines A1, R6, R9 and 
R11 were significantly less green than both control lines, and at 35 dpa R6 and 
R11 were completely senesced (P<0.01). Control lines C and WT had 
significantly higher quantum yield than R6 and R9 at 28 dpa and R6 and R11 at 
35 dpa (Figure 6.11; P<0.05). However, at 35 dpa both SPAD and QY values of 
C and WT differed significantly from each other, indicating there was a lot of 
natural variation in the exact time of onset and / or the rate of senescence of 
the flag leaf. 
 
Transgenic plants lost greenness of the second leaf significantly earlier than 
control plants: at 21 dpa they were significantly less green than at 7 dpa, 
whilst control plants first significantly lost greenness between 21 and 28 dpa 
(Figure 6.12; P<0.05). There were no significant differences in timing or rate 
of the decrease in quantum yield (Figure 6.13). As for the flag leaf, the onset 
of senescence of the second leaf was the earliest in lines A1, R6, R9 and R11 
(Figures 6.12 and 6.13).  
 
There was substantial variation in onset and rate of senescence of the third 
leaf (Figures 6.14 and 6.15), but overall the third leaf of WRKY-RNAi plants 
was significantly less green than that of non-transgenic plants throughout 
senescence (P<0.01).   
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Figure 6.10: Relative chlorophyll content (SPAD) during post-anthesis 
senescence of the flag leaf of the main shoot of pActin-WRKY-RNAi (a) and 
pRTBV-WRKY-RNAi (b) wheat.  LSD = 10.79. Data are means ± SE of four 
replicate plants. Data for pActin-WRKY-RNAi and pRTBV-WRKY-RNAi plants 
are shown in two separate graphs for clarity, but statistical analysis was 
performed encompassing both WRKY-RNAi-constructs. 
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Figure 6.11: Photosystem II efficiency (quantum yield) during post-anthesis 
senescence of the flag leaf of the main shoot of pActin-WRKY-RNAi (a) and 
pRTBV-WRKY-RNAi (b) wheat.  LSD = 0.161. Data are means ± SE of four 
replicate plants. Data for pActin-WRKY-RNAi and pRTBV-WRKY-RNAi plants 
are shown in two separate graphs for clarity, but statistical analysis was 
performed encompassing both WRKY-RNAi-constructs. 
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Figure 6.12: Relative chlorophyll content (SPAD) during post-anthesis 
senescence of the second leaf of the main shoot of pActin-WRKY-RNAi (a) 
and pRTBV-WRKY-RNAi (b) wheat.  LSD = 12.41. Data are means ± SE of four 
replicate plants. Data for pActin-WRKY-RNAi and pRTBV-WRKY-RNAi plants 
are shown in two separate graphs for clarity, but statistical analysis was 
performed encompassing both WRKY-RNAi-constructs. 
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Figure 6.13: Photosystem II efficiency (quantum yield) during post-anthesis 
senescence of the second leaf of the main shoot of pActin-WRKY-RNAi (a) 
and pRTBV-WRKY-RNAi (b) wheat.  LSD = 0.191. Data are means ± SE of four 
replicate plants. Data for pActin-WRKY-RNAi and pRTBV-WRKY-RNAi plants 
are shown in two separate graphs for clarity, but statistical analysis was 
performed encompassing both WRKY-RNAi-constructs. 
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Figure 6.14: Relative chlorophyll content (SPAD) during post-anthesis 
senescence of the third leaf of the main shoot of pActin-WRKY-RNAi (a) and 
pRTBV-WRKY-RNAi (b) wheat.  LSD = 17.49. Data are means ± SE of four 
replicate plants. Data for pActin-WRKY-RNAi and pRTBV-WRKY-RNAi plants 
are shown in two separate graphs for clarity, but statistical analysis was 
performed encompassing both WRKY-RNAi-constructs. 
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Figure 6.15: Photosystem II efficiency (quantum yield) during post-anthesis 
senescence of the third leaf of the main shoot of pActin-WRKY-RNAi (a) and 
pRTBV-WRKY-RNAi (b) wheat.  LSD = 0.307. Data are means ± SE of four 
replicate plants. Data for pActin-WRKY-RNAi and pRTBV-WRKY-RNAi plants 
are shown in two separate graphs for clarity, but statistical analysis was 
performed encompassing both WRKY-RNAi-constructs. 
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6.3.4 Grain Yield 
Even though only two transgenic lines had significantly higher grain yields 
than the transformation control and wild-type lines (Figure 6.16.a; P<0.05), 
overall total grain yield per plant of WRKY-RNAi plants was significantly higher 
than that of the reference plants (P<0.01). The average difference was thirty 
per cent. Grain yield per ear was not significantly different between 
transgenic and non-transgenic lines (Figure 6.16.b), line R6 being the only 
exception. Grain yield per plant correlated significantly with tiller number (R2 
= 0.4754; P<0.001), indicating the differences in total grain yield between the 
lines could be due to differences in tiller number (Figure 6.8.a).  
 
 
 
 
 
Figure 6.16: Grain yield per plant (a) and per ear (b) of WRKY-RNAi wheat. * 
significantly different from both transformation control and wild-type 
(P<0.05). Data are means + SE of four replicate plants. 
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6.3.5 Gene Expression 
For gene expression analysis, the second leaves of the first three tillers were 
harvested at green leaf stage (7 days post-anthesis), early senescence (21 
dpa) and advanced senescence (28 dpa). Five lines were examined: two 
pActin-WRKY-RNAi lines, A3 and A7; two pRTBV-WRKY-RNAi lines, R9 and 
R10, and wild-type.  
 
The two pActin-WRKY-RNAi and the two pRTBV-WRKY-RNAi lines were chosen 
for differences in onset and rate of leaf senescence (Figure 6.17). However, 
many of the senescing leaves did not contain enough RNA for expression 
analysis, so few leaves in an advanced stage of senescence were available. 
Therefore in addition to the expression patterns in time, regression analysis 
between expression and leaf greenness was performed (Figures 6.18, 6.19 
and 6.20).   
 
 
 
 
 
 
 
Figure 6.17: Senescence status of the second leaves of a selection of WRKY-
RNAi lines of wheat that were used for gene expression analysis. A3 and A7 
= pActin-WRKY lines 3 and 7 (red), R9 and R10 = pRTBV-WRKY lines 9 and 10 
(blue), WT = wild-type (grey). Data are means + SE of one to four replicate 
plants, the number depending on whether the leaves still contained RNA. 
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Generally, expression of the marker gene RBCS (Figure 6.18.a) followed the 
same pattern as senescence (Figure 6.17) and therefore showed a 
significantly positive relationship with leaf greenness (Figure 6.18.b; P<0.001). 
Line A7 was an exception: expression of RBCS was often lower than expected 
based on leaf greenness, which is indicated by the data points away from the 
regression line (Figure 6.18.b). 
 
 
 
 
 
Figure 6.18: Relative RBCS expression during senescence of the second leaf 
(a), and the relation between relative RBCS expression and greenness (b) of 
a selection of WRKY-RNAi lines of wheat. A3 and A7 = pActin-WRKY lines 3 
and 7 (red), R9 and R10 = pRTBV-WRKY lines 9 and 10 (blue), WT = wild-type 
(grey). (a) Data are means + SE of one to four replicate plants, the number 
depending on whether the leaves still contained RNA. (b) Data points 
represent individual leaves. y = 0.045x – 0.2093; R2 = 0.4779; P < 0.001. 
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Expression of SAG12 followed exactly the opposite pattern. SAG12 expression 
increased during senescence (Figure 6.19.a) and therefore showed a 
significant negative relationship with leaf greenness (Figure 6.19.b; P<0.001). 
The same leaves of line A7 showed a higher expression than one would 
expect (Figure 6.19.b). So expression of the marker genes RBCS and SAG12 
would lead to the conclusion that senescence of these leaves is progressed 
further than the SPAD measurements would suggest. 
 
 
 
 
 
Figure 6.19: Relative SAG12 expression during senescence of the second leaf 
(a), and the relation between relative SAG12 expression and greenness (b) 
of a selection of WRKY-RNAi lines of wheat. A3 and A7 = pActin-WRKY lines 3 
and 7 (red), R9 and R10 = pRTBV-WRKY lines 9 and 10 (blue), WT = wild-type 
(grey). (a) Data are means + SE of one to four replicate plants, the number 
depending on whether the leaves still contained RNA. (b) Data points 
represent individual leaves. y = -0.2059x + 13.698; R2 = 0.5618; P < 0.001. 
0
2
4
6
8
10
12
20,0 30,0 40,0 50,0 60,0
R
el
at
iv
e
 e
xp
re
ss
io
n
 
Greenness (SPAD) 
b 
A3
A7
R9
0
2
4
6
8
10
12
7 dpa 21 dpa 28 dpa
R
el
at
iv
e 
ex
p
re
ss
io
n
 
a 
6. WRKY TRANSCRIPTION FACTOR 
 
200 
 
Expression of the WRKY transcription factor increased during leaf senescence 
in all lines (6.20.a), and correlated well with greenness (6.20.b). Line A7 
showed anomalously high expression. There was no sign of a reduction in 
WRKY expression due to RNAi in the transgenic lines; in fact WRKY expression 
seems to have been the lowest in wild-type plants (Figure 6.20). This result 
was confirmed with a second set of PCR primers (data not shown).  
 
 
 
 
 
 
Figure 6.20: Relative WRKY expression during senescence of the second leaf 
(a), and the relation between relative WRKY expression and greenness (b) of 
a selection of WRKY-RNAi lines of wheat. A3 and A7 = pActin-WRKY lines 3 
and 7 (red), R9 and R10 = pRTBV-WRKY lines 9 and 10 (blue), WT = wild-type 
(grey). (a) Data are means + SE of one to four replicate plants, the number 
depending on whether the leaves still contained RNA. (b) Data points 
represent individual leaves. y = -0.1048x + 6.1006; R2 = 0.6028; P < 0.001. 
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A PCR analysis specifically amplifying the RNAi-fragment indicated expression 
only in the A7 leaf samples (Figure 6.21), suggesting either a low RNA stability 
or folding of the RNA prevented the amplification of the RNAi-fragment by 
PCR in most lines. However, it proved there was good expression of the RNAi-
fragment in line A7. Expression of the WRKY gene in leaves of A7 during 
senescence was higher than in any other line (Figure 6.20.a). This result 
indicates that the presence of the WRKY-RNAi-fragment did not reduce 
expression of the WRKY gene in this line, but potentially even lead to an 
increase.  
 
 
 
 
 
Figure 6.21: RT-PCR evaluating expression of the RNAi fragment in senescing 
leaves of WRKY-RNAi plants. The different samples of the same line at one 
time point originate from different plants (biological replicates). The ladder is 
the GeneRuler 100bp DNA ladder (Fermentas). 
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6.4 EXPRESSION OF THE WRKY GENE IN WHEAT TISSUES 
 
Since effects of expression of the WRKY-RNAi construct were not limited to 
leaf senescence, but delayed pre-anthesis development and increased plant 
height and tiller number (Figures 6.4, 6.7 and 6.8.a), it is likely the wheat 
WRKY gene does not solely have a role in leaf senescence. Therefore an 
experiment was set up to test whether the WRKY gene is expressed in tissues 
other than leaf two (Figure 6.22).  
 
The WRKY gene was expressed in all tested tissues apart from the grain 
(Figure 6.22). Expression was highest in roots, although there was great 
variation.  Expression was also high in the rachis and leaf sheath. The WRKY 
gene showed higher expression in flag leaves than in leaf two and three, while 
these lower leaves will senesce before the top leaf. These results suggest the 
WRKY gene almost certainly does not solely have a role in leaf senescence. 
 
 
 
Figure 6.22: Expression of the WRKY gene in wheat tissues. Glume, lemna 
and grain were harvested seven days post-anthesis, roots at booting, the 
other tissues at anthesis. Data are means + SE of three replicate samples. 
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6.5 DISCUSSION AND CONCLUSIONS 
 
Expression of a WRKY transcription factor was shown to increase during leaf 
senescence in wheat (Chapter 3), indicating this gene might be a positive 
regulator of senescence. This conclusion matched with the observation that 
all senescence-regulating WRKY transcription factors described at present are 
positive regulators of senescence (Besseau et al., 2012; Hinderhofer and 
Zentgraf, 2001; Jing et al., 2009; Ricachenevsky et al., 2010; Robatzek and 
Somssich, 2001; Ülker et al., 2007; Zhou et al., 2011b). 
 
Unexpectedly, the WRKY-RNAi plants did not show reduced levels of the 
WRKY messenger RNA (mRNA) during senescence; in fact it was higher (Figure 
6.20). However, the consistent phenotype of the transgenic lines 
demonstrated that WRKY gene function must have been affected. There is, 
however, no certainty that only the target WRKY gene was affected. The risk 
of knocking down other WRKY genes was reduced by not targeting the WRKY-
domain itself (Figure 6.1), but nevertheless the RNAi-process could have 
modified the expression of more than one gene. 
 
Even when only the target WRKY gene was knocked down, there are still 
multiple possible ways in which RNAi could have had an effect without 
noticeably altering WRKY expression. An auto-regulation mechanism has been 
described for WRKY53 in Arabidopsis (Miao et al., 2004), so it is conceivable 
that the initial decrease in WRKY expression mediated by RNAi induced higher 
endogenous WRKY expression. Furthermore, translational repression has 
been reported for RNAi in plants (Brodersen et al., 2008), so RNAi cannot only 
lead to degradation of mRNA but can also prevent gene function by inhibiting 
the translation of the mRNA. To confirm WRKY gene function is actually 
reduced in the RNAi plants, protein levels will have to be measured. Another 
route to confirm the WRKY function would be to test the result of 
overexpression of the WRKY gene.  
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RNAi-knockdown of the WRKY transcription factor in wheat did not result in 
delayed leaf senescence as hypothesised, but instead in accelerated 
senescence, at least of the top three leaves (Figures 6.10 – 6.15). Plant height, 
the number of productive tillers and grain yield were all increased 
significantly (Figures 6.7, 6.8.a and 6.16.a). It is in fact possible that the 
increased tiller number is an indirect cause of the accelerated senescence 
phenotype of the transgenic wheat. If the plants were limited in certain 
nutrients, especially nitrogen, increased plant height and tiller number would 
result in lower nutrient concentrations throughout the plant, resulting in 
premature senescence since there were less surplus nutrients available for 
grain-filling. Additionally, as suggested by the higher grain yield, the increased 
tiller number was likely to be accompanied by a higher grain number, thus 
raising grain sink demand for nutrients such as nitrogen. Since the trials were 
carried out in pots meant for normal-sized plants, it is possible that nutrition 
limitation occurred. Furthermore, if this was the case, it would imply that by 
supplying ample fertiliser grain yield could be raised even further than the 
thirty per cent found in this study (Figure 6.16.a). However, experiments with 
controlled levels of nutrients are necessary to confirm these hypotheses.  
 
WRKY-RNAi expression under control of the actin and the RTBV promoters 
resulted in the same phenotype. The RTBV promoter had been selected 
because of its good expression in leaves, but it is hard to see how knockdown 
of a gene in leaves can affect plant height or tiller number. However, all that 
has been determined so far is that the RTBV promoter gives expression in 
leaves, immature floral tissues and endosperm of wheat but not in roots, 
pollen or the axis of immature zygotic embryo (Rothamsted Cereal 
Transformation Group, unpublished). So it is possible the RTBV promoter is 
expressed in other tissues, for instance the stem. Alternatively, it is possible 
that an RNAi-derived silencing signal was transported throughout the plant 
via the phloem (Voinnet et al., 1998). This is particularly an option since RTBV-
expression in rice leaves was found to be specifically high in the phloem 
(Bhattacharyya-Pakrasi et al., 1993). 
6. WRKY TRANSCRIPTION FACTOR 
 
205 
 
 
Phylogenetic analysis (Figure 6.2) showed the genes most resembling the 
wheat gene are rice OsWRKY37 (Os04g50920) and OsWRKY66 (Os02g47060). 
These two genes have not been functionally analysed, so a function in leaf 
senescence cannot be excluded. Transcription analysis showed that 
OsWRKY66 was not expressed in either young or mature leaves 
(Ramamoorthy et al., 2008), suggesting this closely related rice gene is not 
involved in the regulation of senescence. However, the same study also 
showed completely different expression patterns for closely-related WRKY 
genes in rice (Ramamoorthy et al., 2008), indicating it is difficult to assign a 
function to a WRKY gene based on homology. Nevertheless, the expression of 
the WRKY gene in various plant tissues (Figure 6.22), markedly the roots, and 
the diverse effects of RNAi on wheat morphology, indicate it is implausible 
the wheat WRKY gene is involved exclusively in leaf senescence. 
 
In summary, a WRKY transcription factor has been identified that showed 
increasing expression during leaf senescence in wheat. Introduction of a 
WRKY-RNAi construct in wheat did not result in a reduction of WRKY mRNA 
levels, but brought about accelerated leaf senescence and significantly 
increased plant height, the number of fertile tillers and grain yield. 
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7. GENERAL DISCUSSION 
 
 
7.1 BACKGROUND 
 
In the past fifty years there has been a substantial growth in food production, 
allowing for a fall in the proportion of hungry people despite the doubling of 
the global population (Godfray et al., 2010). However, agricultural production 
must increase further to feed an ever-growing global population. Additionally, 
increasingly biofuel crops are grown to raise energy production and relieve 
climate change, increasing competition for land. Therefore a growth in crop 
production is required and will have to come from increasing crop yields per 
unit area.  
 
Since the introduction of semi-dwarfing genes in the green revolution, wheat 
productivity has been raised by increasing genetic yield potential, resistance 
to diseases, and adaptation to abiotic stresses (Reynolds et al., 2009), as well 
as improved agronomic practices such as the supply of optimal levels of 
nitrogen (N) fertilisers (Kant et al., 2011). However, N fertiliser is the main 
cost factor of agriculture and can damage the environment by leaching and 
subsequent eutrophication and ecosystem damage, as well as emissions of 
gaseous forms of N such as nitrous oxide which are potent greenhouse gasses 
(Carpenter et al., 1998; Crutzen et al., 2008; Good et al., 2004). Therefore it 
would be highly beneficial to breed crops that use nitrogen more efficiently; 
thus have a higher yield per unit N input.  
 
Possible routes to achieve both higher nitrogen use efficiency (NUE) and crop 
yield would be to increase total photosynthetic production during a plant’s 
lifespan, particularly during grain-filling, by increasing photosynthetic rate, 
photosynthetic leaf area, or duration of photosynthesis. To date, increases in 
grain yield of wheat have been achieved by increasing green leaf area 
duration, mostly by control of foliar diseases, but without increasing the rate 
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of photosynthesis or the total shoot biomass (Richards, 2000). Therefore 
extending the duration of photosynthesis is considered to be the easiest way 
to raise total photosynthesis, aboveground biomass and grain yield.  
 
Apart from controlling foliar diseases, an increase in the duration of 
photosynthesis can be achieved by lengthening the growing seasons by 
postponing the anthesis date, or by extending the period of post-anthesis 
photosynthesis either by bringing forward the anthesis date or by delaying 
leaf senescence during grain-filling. Changes in anthesis date could be 
precarious, however, since a delay in anthesis increases the chance wheat will 
be exposed to heat stress during flowering and drought during grain-filling, 
especially now hot and dry weather episodes are expected to become more 
common in Europe because of climate change (Semenov and Shewry, 2011), 
whilst bringing forward the anthesis date will increase the chance of frost 
damage (Fuller et al., 2007). Therefore delaying the onset and / or rate of 
canopy senescence is probably the most promising way to increase the 
duration of photosynthesis, and accordingly, total photosynthetic production. 
 
Delayed senescence phenotypes in which greenness and photosynthesis are 
maintained for longer compared to a reference phenotype are termed 
“functional stay-green” (Thomas and Howarth, 2000). The central hypothesis 
underpinning the work described in this thesis is that functionally stay-green 
wheat phenotypes can be identified and used to increase grain yield and NUE 
in wheat. Analysis of functional stay-green wheat phenotypes also could 
provide fundamental knowledge about the relationships between leaf 
senescence, nitrogen remobilisation, grain yield and grain nitrogen 
concentration and content. Furthermore, enhanced knowledge of the genetic 
regulation of the stay-green trait could result in the identification of novel 
genes to be deployed in wheat breeding programmes. 
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7.2 THE EFFECTS OF THE STAY-GREEN TRAIT ON GRAIN YIELD AND 
NITROGEN CONTENT 
 
The recycling of nutrients, specifically nitrogen, to developing tissues such as 
the grain is considered to be the main function of leaf senescence. Generally, 
greenness and total protein content of leaves during senescence are well 
correlated, except for non-functional stay-green mutants (Thomas et al., 
2002). Differences in leaf senescence should therefore correspond to 
differences in nitrogen remobilisation from the leaf. However, if senescence is 
merely delayed or taking place at a slower rate but is eventually completed, 
so total N remobilisation is not restricted, one would expect that final total 
grain nitrogen content will be conserved. This appears to have been the case 
for most experiments described in this thesis. Despite displaying differences 
in senescence, the Avalon x Cadenza doubled haploid lines AC82 and AC127 
described in Chapter 3 had similar total grain nitrogen content at all N 
fertiliser regimes in two growing seasons. In contrast, the stay-green and fast-
senescing mutant lines of wheat identified in Section 4.3 generally had lower 
total grain nitrogen contents than wild-type. However, in the nitrogen 
nutrition experiment (Section 4.4), some of the same lines, FS2 and SG3, had 
similar total grain N contents as WT at both low and high N supply. Stay-green 
mutant line SG3 even had a higher total grain N content than fast-senescing 
mutant line FS2 and wild-type at high N, but this was not because of 
differences in leaf senescence, but due to a higher grain yield driven by a 
higher tiller number while grain N concentrations were unchanged. Finally, 
the NAC-overexpressing lines of wheat characterised in Chapter 5, which 
displayed a stay-green phenotype, had similar grain N contents as a control 
line. These results indicate that total nitrogen remobilisation from the leaves 
during grain-filling was not affected by delayed leaf senescence. This 
contradicts previous reports, which showed that higher N remobilisation was 
associated with an earlier onset and faster rate of leaf senescence in sorghum 
(Borrell and Hammer, 2000) and high N utilisation efficiency was associated 
with earlier onset of senescence in wheat at low N supply (Gaju et al., 2011). 
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Four NAC-overexpressing lines of wheat had higher grain N concentrations 
than the control line, also when grain yields were similar. In addition, both the 
fast-senescing and the stay-green mutants had higher grain N concentrations 
than wild-type. Grain nitrogen concentration of SG3 was higher than that of 
wild-type at all N levels, also when grain yields were equivalent. These results 
indicate that nitrogen was not limiting grain growth and development, 
challenging the general assumption that grain N content is source-limited 
(Martre et al., 2003). 
 
In contrast to the studies showing that the stay-green trait in wheat increased 
final shoot biomass and / or grain yield (Chen et al., 2011a; Chen et al., 2010; 
Christopher et al., 2008; Gong et al., 2005; Luo et al., 2006; Spano et al., 
2003), the stay-green phenotypes described in this thesis did not have higher 
aboveground biomass or grain yields than the reference phenotypes. Of the 
mutant lines, stay-green line SG3 had the highest post-anthesis biomass 
production and the lowest carbon (C) remobilisation at all N levels. However, 
SG3 had lower shoot biomass at maturity, lower or similar grain yields as WT 
in all experiments, and the harvest indexes were comparable. Stay-green 
doubled haploid line AC82 had similar grain yields as faster-senescing AC127. 
AC82 had a higher harvest index than AC127, but this was because of a lower 
straw biomass (and thus a lower total aboveground biomass). The NAC-
overexpressing lines did not differ from the control lines in final aboveground 
biomass, grain yield or harvest index. However, the control line had a 
relatively low biomass at anthesis and the highest biomass at maturity, 
indicating it had a higher post-anthesis level of photosynthesis than the stay-
green NAC-overexpressing lines. So even though in most cases the post-
anthesis photosynthetic production of the stay-green phenotypes was higher, 
final aboveground biomass and grain yields were not. These results indicate 
that no additional photo-assimilates were remobilised from the canopy to the 
grain. This has been described previously for a stay-green wheat phenotype 
(Gong et al., 2005). One possible explanation is that wheat is not source-
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limited, as concluded by Borrás et al. (2004), and that the plants therefore 
had no capacity to exploit extra carbon for grain-filling.  
 
The stay-green trait in wheat has been reported to be advantageous under 
abiotic stress conditions such as low N supply (Gaju et al., 2011), and heat and 
drought (Christopher et al., 2008; Naruoka et al., 2012). At low N, WT and FS2 
had a reduced nitrogen harvest index (NHI) compared to high N, while SG3 
maintained its NHI at low N. Additionally, grain yield of SG3 was higher than 
WT at low N in the field (Derkx et al., 2012). These results reinforce the 
hypothesis that stay-green phenotypes could be better adapted to stress 
conditions such as low N availability. 
 
Since plant nitrogen status has been shown to be an important determinant 
of onset and progression of leaf senescence (Schildhauer et al., 2008; van 
Oosterom et al., 2010), it is possible that the mutations of the stay-green and 
fast-senescing mutants affected N status, and that the different leaf 
senescence phenotypes were indirect consequences. Likewise, the premature 
senescence of the WRKY-RNAi plants characterised in Chapter 6 could have 
been due to nutrient deficiency, most likely nitrogen, since the increased tiller 
number must have increased the nutritional requirements and the plants 
were grown in pots intended for “normal-sized” plants.  
 
In summary, the stay-green phenotypes studied in this thesis had similar or 
reduced grain yields compared to the reference phenotypes, probably 
because carbon remobilisation was limited. Nitrogen remobilisation was 
unaffected; therefore grain N concentrations were higher but total grain N 
content unchanged. This is essentially the opposite of what had been 
predicted. However, since post-anthesis biomass production was found to be 
higher in most stay-green phenotypes and N remobilisation was unaffected, 
there is potential for yield improvement if carbon remobilisation can be 
enhanced. Furthermore, stay-green phenotypes might be useful to increase 
yield potential under adverse environmental conditions. 
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7.3 PROSPECTS FOR FUTURE RESEARCH AND WHEAT IMPROVEMENT 
 
7.3.1 NAC-Overexpressing and WRKY-RNAi-Knockdown Wheat 
Overexpression of the NAC transcription factor resulted in a stay-green 
phenotype as hypothesised, but grain yield was not increased. However, 
RNAi-knockdown of the WRKY transcription factor had unexpected results: 
leaf senescence was accelerated instead of delayed, the plants were taller 
and they had more fertile tillers. To get a better idea of the exact functions of 
the WRKY and NAC genes, it would be of interest to identify the genes 
regulated by these transcription factors, for instance by a transcriptome study 
of the transgenic plants compared to the wild-type using microarrays or RNA-
sequencing. Another approach would be to identify the promoter region to 
which the NAC and WRKY genes bind, and the genes containing this 
promoter, by bioinformatics. A chromatin immunoprecipitation (ChIP) based 
method would be possible as well, but for this the NAC and WRKY proteins 
would have to be purified.    
 
Even though the RTBV promoter was used to manipulate gene expression in 
leaves, its expression pattern in leaves throughout development has not been 
established. In rice the expression of the RTBV promoter was predominantly 
localised to the phloem, although there was also lower expression in the 
mesophyll parenchyma (Bhattacharyya-Pakrasi et al., 1993). The NAC-
overexpressing experiment showed that under control of the RTBV promoter 
NAC expression increased during leaf senescence (Figure 5.19), but RTBV 
expression has not been established in expanding leaves. Additionally, since 
the WRKY-RNAi plants had increased plant height and tiller number, the RTBV 
promoter might be expressed in other tissues such as the stem or the 
meristems which form the leaves and tillers. Clarification of where and when 
the RTBV promoter is expressed is thus indispensable to properly understand 
the phenotypes of the transgenic plants. 
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Although RNAi-knockdown of the WRKY transcription factor did not result in 
the anticipated stay-green phenotype, it increased the plant height and the 
number of productive tillers, resulting in a thirty per cent increase in grain 
yield. The increased tiller number would obviously be a very interesting trait 
for wheat breeding. Since most tillers were producing seed, the WRKY-
mediated tillering-trait might also be useful for improving tillering-economy; 
thus reducing the number of wasteful unproductive tillers and thereby 
improving the harvest index. On the other hand, the increased height would 
make the plants more vulnerable to lodging when grown in the field. It should 
therefore be investigated whether the effects on height and tillering are 
inseparable or whether they can be disconnected. Furthermore, since yield 
differences in the glasshouse do not always translate into higher yields in the 
field (see for instance SG3 described in Chapter 4 and Derkx et al. (2012)), 
field trials under a range of conditions are required to validate the high-
yielding phenotype.  
 
Whether transgenic studies of wheat will have an immediate impact on wheat 
breeding in general is debatable. The global area of genetically modified (GM) 
crops, mainly maize, cotton and soybean, has been increasing by 8% a year 
and reached 160 million hectares in 2011, representing a monetary value of 
$13.3 billion (James, 2011). However, GM technology has aroused a lot of 
suspicion, particularly in Europe, resulting in an extensive regulatory 
framework in the European Union. It is certainly possible first to identify 
candidate genes by transgenic approaches, then identify plants carrying 
mutations in this gene by TILLING (Targeting Induced Local Lesions in 
Genomes), and subsequently include these plants in conventional breeding 
programmes. This would, however, be rather time-consuming. Alternatively, 
European attitudes to GM may perhaps change in the future, as feeding an 
increasing global population with a growing taste for meat, and 
simultaneously growing enough crops for biofuels to satisfy the growing 
demand for energy, all in a sustainable manner while there is less land 
available for agriculture, might turn out to be progressively more problematic.  
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7.3.2 Stay-Green Mutants 
For the stay-green and fast-senescing mutant lines of wheat, biomass and 
nitrogen partitioning were examined for the main shoot. However, root size 
and activity were largely ignored. Root size could be relevant because (a) 
larger roots systems with increased root length density (root length per unit 
soil volume) should be able to take up more water and nutrients from the soil, 
and (b) the roots could be hidden stores of both nitrogen and carbon. This 
could particularly be important under drought stress. Increased root biomass 
(carbon allocation) has been suggested to be the reason for higher water and 
nitrogen uptake in stay-green phenotypes of sorghum, wheat and maize 
(Borrell and Hammer, 2000; Christopher et al., 2008; Rajcan and Tollenaar, 
1999b). The importance of post-anthesis N uptake was also established in the 
nitrogen nutrition experiment, which showed that grain N content of all three 
lines was more dependent on post-anthesis N uptake than on N 
remobilisation, especially at low N (Figure 4.30). Naruoka et al. (2012) 
estimated root biomass by measuring xylem exudate and found that it was 
positively correlated with stay-green of the flag leaf and grain weight and 
diameter under hot and dry conditions. Measuring root biomass at anthesis 
and maturity could be useful to assess total and post-anthesis C and N uptake 
of the whole plant. 
 
The stay-green mutants and transgenic lines described in this thesis were 
assessed in the glasshouse, where temperature, water, nutrients and pests 
and diseases were controlled to a greater level than is possible in the field. 
Despite evidence that stay-green phenotypes have higher water use efficiency 
(Christopher et al., 2008; Górny and Garczyński, 2002) and NUE at low N 
supply (Gaju et al., 2011), and are more resistant to spot blotch (Joshi et al., 
2007), only in the instance of the comparison of FS2, SG3 and wild-type the 
effects of one of these factors, nitrogen nutrition, was investigated. 
Environmental effects may become even more important in the future 
because of climate change: Lobell and Field (2007) estimated that recent 
climate trends already have suppressed global wheat yields by 19 Mt per year 
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since the 1980s. It is thus important to dissect the interactions between the 
stay-green trait and appropriate external factors such as heat, drought, 
nitrogen supply and foliar diseases, to allow for a proper assessment of the 
usefulness of the stay-green trait for breeding wheat varieties more resistant 
to abiotic stress and diseases. 
 
If the stay-green trait of SG3 would be deemed to be worth introgressing into 
new wheat varieties, identification of the relevant mutated genes would be 
required. The stay-green and fast-senescing plants were fifth- or sixth-
generation descendants of EMS mutants. The mutations have never been 
identified at the genetic or molecular level, making marker-assisted breeding 
impossible at this time. Furthermore, since the mutations were induced by 
the EMS procedure, their phenotypes might depend on more than one 
mutation. So these mutations cannot be employed for wheat breeding at this 
stage, although the Paragon mutants themselves could be grown. 
 
In theory, a delay in leaf senescence would increase grain yields but lower 
grain N concentrations because the total N content would be unaffected, 
thereby increasing NUE. Therefore the experiments described in this thesis 
were originally thought to benefit mainly wheat cultivation for biofuels, 
animal feed, and brewing and distilling, purposes for which relatively high 
carbon and low protein contents are required. However, the stay-green 
wheat phenotypes described in this thesis were found to have higher grain N 
concentrations and similar or lower grain yields, suggesting that the grain of 
these stay-green phenotypes could actually be suitable for bread-making, for 
which a high grain protein content is essential. However, this would change if 
both the grain yields and NUE of the stay-green phenotypes could be 
improved as intended. 
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7.4 CONCLUSION 
 
In this thesis several stay-green phenotypes of wheat were identified: Avalon 
x Cadenza doubled haploid line AC82, EMS mutants SG1, SG2 and SG3, and 
transgenic wheat overexpressing a senescence-associated NAC transcription 
factor. These stay-green phenotypes had similar or reduced grain yields 
compared to the reference phenotypes, probably because carbon 
remobilisation was limited. Nitrogen remobilisation was unaffected; therefore 
grain N concentrations were higher but total grain N content unchanged. 
These results conflict with the original hypothesis that stay-green phenotypes 
would have higher yields and lower grain N concentrations. 
 
Contrary to what had been anticipated, RNAi-knockdown of a senescence-
associated WRKY transcription factor accelerated leaf senescence, possibly 
because of nutrient deficiency. It also resulted in an increased plant height, 
the number of ear-bearing tillers at maturity and grain yield. 
 
These results show that the relationships between senescence, nitrogen 
remobilisation and grain yield, N concentration and N content are complex 
and not easily manipulated. Further studies ought to further elucidate the 
genetic and physiological bases of the stay-green and high-tillering 
phenotypes, whether the phenotypes are comparable in the glasshouse and 
in the field, and under which environmental conditions the stay-green trait is 
most beneficial. The high-tillering phenotype of the WRKY-RNAi plants should 
increase grain yield, and there is also potential for yield improvement of the 
stay-green phenotypes if carbon remobilisation can be enhanced. 
Furthermore, the stay-green trait has been associated with improved 
tolerance to abiotic stress and foliar diseases. The phenotypes and genes 
identified in this thesis could provide a valuable contribution to wheat 
improvement, particularly as wheat-farming under sub-optimal conditions 
may well become more important in the future because of climate change.  
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